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ABSTRACT
Biofilm growth on engineered surfaces poses a risk to public health and presents a
challenge in several industries, such as the food industry, as biofilms harbor a wide range of
microorganisms, including opportunistic respiratory pathogens. In the context of drinking water,
conventional secondary disinfectants such as free chlorine and chloramines are not known to fully
prevent biofilm formation at relevant concentrations necessitating the development of scalable,
effective interventions. The issue of biofilms and their role as a host to a wide range of pathogenic
microorganisms can be more effectively addressed at the point-of-dispensing. Unlike buildingpoint-of-entry or point-of-use devices interventions, there are no wetted surfaces downstream from
point-of-dispensing devices where biofilms can grow.
Available point-of-use technologies target planktonic bacteria in bulk water, neglecting
possible biofilm formation downstream from the disinfection process. The approach of current pointof-use technologies may not eradicate downstream biofilms given that the biofilm establishment is not
a result of substandard treatment at the treatment plants but of conditions that promote their growth
within DWDS and premise plumbing. Hence, targeting the biofilm at the point-of-dispensing may
better address the challenge by introducing ultraviolet-C (UVC) LED-equipped fluid handling devices.

Despite the widespread applications of UVC radiation for water and food disinfection, its
use for inhibiting surface colonization is at the outset of the research. The emerging compact UVC
LEDs with rapidly increasing efficiencies have the potential to alter the technology horizon of
UVC disinfection. Such advancements enable their incorporation in confined spaces to inhibit
surface colonization on inaccessible surfaces such as those in premise plumbing and the food
industry. In this approach, UVC LED-equipped devices will target biofilm formation by continuously
ii

or intermittently irradiating internal surfaces. Such applications necessitate knowledge of the

response of the biofilm-forming bacteria on a surface continuously exposed to UVC radiation,
which enables the prediction of biofilm formation under different intensities.
This research was carried out with three main objectives: firstly, to develop experimental
setups and protocols that enable biofilm growth under continuous irradiation; secondly, to
determine minimum lethal UVC intensity and develop a predictive intensity response model;
thirdly, examine the effect of growth rate, which is governed by parameters such as temperature
and time, on the biofilm-UVC intensity response.
Herein, the apparatus and methodology that allowed for biofilm growth under controlled
UVC irradiation intensities and quantification of their growth rates were developed. Furthermore,
a biofilm-UVC intensity response model was created for the first time, enabling quantitative
prediction of Escherichia coli (E. coli) biofilm formation rates as a function of surface irradiation
intensity (λ = 254 nm). Although biofilm formation was suppressed by more than 95% under the
intensities employed, a minimum nonzero threshold of surface biovolume was observed even when
comparatively high UVC intensities were used. This minimum threshold was attributed to the
deposition of colloidal material and bacterial secretions, which provided shielding against UVC
photons. Such shielding likely enabled biofilm growth and has implications for the long-term
efficacy of continuous UVC irradiation.
Furthermore, the dependences of the parameters of the developed biofilm-UVC intensity
response model on baseline growth rate (growth rate without irradiation) were determined. The
temperature was used as the criterion for manipulating the baseline growth rate. Biofilm formation
under continuous irradiation at a constant intensity was observed to intensify when the flow cell
temperature was increased. Increasing the temperature by 10°C resulted in an increase in
iii

biovolume by 193% under intensities of 59.5-60 µW/cm2. Evaluation of the model parameters
confirmed the hypothesized shielding effect arising from the deposition of extracellular colloidal
materials diminishing the UVC intensity. It was observed that as the growth rate increases, the
intensity response diminishes attributed to the higher rate of colloidal depositions shrinking
received intensity by underlying bacterial cells. The shielding effect was further investigated by
conducting 12- days long biofilm growth experiments. After 48 h, a breakthrough in biofilm
growth under continuous UV irradiation was observed, followed by a steady increase in the next
10 days attributed to the synthesis and deposition of shielding materials.
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CHAPTER 1:
INTRODUCTION

1.1 Problem statement
The establishment of undesired biofilms on engineered surfaces has long been a challenge
for public health and several industries. Biofilms grow on any wetted/misted surface such as those
in drinking water distribution systems (DWDS), showerheads, faucets, misting systems, food
processing machinery, and heating, ventilation, and air conditioning (HVAC) systems (Feazel et al.,
2009; Lee Wong, 1998; Liu et al., 2016b; Mäkinen et al., 2013; Schmidt et al., 2012; Zietz et al., 2006).
Biofilms can host a wide range of pathogenic microorganisms and promote their proliferation and
spread. The biofilms formed in the DWDSs and premise plumbing act as environmental reservoirs

for opportunistic bacterial pathogens (OBPs) and promote their spread as a considerable number
of infections caused by OBPs have been traced back to drinking water (Wingender and Flemming,
2011).
Ubiquitous waterborne OBPs such as Legionella spp., Pseudomonas aeruginosa, and
nontuberculous mycobacteria (NTM) have long been of public health concern, which is reported
having a cost of more than $500 million per year (Collier et al., 2012; Decker and Palmore, 2014;
Mirsaeidi et al., 2015). Due to high infective doses (106 -108 CFU/ml), clinically relevant strains
of OBPs are mainly harmless to healthy individuals; however, they pose substantial health risks to
those with more susceptible immune systems (Wingender and Flemming, 2011), which makes
1

hospital dormitories and nursing homes of more significant concern. Public health enhancement,
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along with medical advancements, has increased the rate of severe disease survivors, and therefore,
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Figure 1-1. Legionnaire’s incidence data, adapted from the Centers for
Disease Control and Prevention (Shah et al., 2018)

the aging population, which is expected to increase even further (Glasmacher et al., 2003). The
national incidence rate of Legionnaires’ disease cases was increased 4.5 times from 0.42 to 1.89
per 100,000 population from 2000 to 2015, as depicted in Figure 1-1 (Shah et al., 2018). Moreover,
the surveillance systems of five US states showed an increase in NTM cases from 8.7 per 100,000
in 2008 to 13.9 in 2013 (Donohue and Wymer, 2016; Lin et al., 2018). The increase in the number
of incidents mandates a substantive public health response.
Currently, multi-barrier approaches and technologies such as chlorine, chloramine,
hyperchlorination, copper-silver ionization, and ultraviolet treatment systems are available to
prevent or mitigate Legionella, and other waterborne pathogens premise plumbing. Although all
the available treatment systems are to some degree effective against Legionella and other
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waterborne pathogens, none of those has demonstrated consistent long-term efficacy for the
eradication of Legionella and other OBPs (Cordero et al., 2015).
The treatment approaches mentioned above are either point-of-entry disinfection systems
or interventions applied continuously or intermittently, which are used to either reduce the bacteria
in bulk water entering the building or clean up the premise plumbing components; however, in
both cases remaining bacterial cells can establish biofilm in premise plumbing. Intermittent
stagnation and warming cycles can still encourage the growth of biofilm and waterborne pathogens
in premise plumbing fixtures downstream of the disinfection system. Moreover, during the
cleanup, the premise plumbing should be out of service, which may interrupt the operations in the
building.
The interior of plumbing fixtures such as showerheads and faucets are warm, moist, and
frequently replenished with nutrients, which along with periodic stagnation, provide a desirable
environment for biofilm growth (Feazel et al., 2009). Microorganisms that survive the building
disinfection system can serve as seed microorganisms and colonize the interior surface of
plumbing fixtures. UVC-equipped devices that continuously or intermittently irradiate internal
surfaces can be a promising solution to the challenge, preventing biofilm formation on interior
surfaces of such fixtures and acting as a miniature UVC disinfection reactor.
With the advent of ultraviolet (UV) light-emitting diodes (LEDs), the development of
compact point-of-dispensing UVC-equipped plumbing fixtures is now feasible. Several patent
applications for UVC-integrated showerheads and faucets have been filed (Helmore, 2015;
Helmore and Croft, 2009), which may lead to commercialization of such fixtures; however, no
formal studies have investigated their efficacy in inactivating the abovementioned organisms in
shower water, and the required UVC dose for preventing biofilms on internal surfaces is unknown.
3

Due to the complex geometry of plumbing fixtures, particularly showerheads with multiple
internal components, it is not valid to assume that high output UVC LEDs with significant
germicidal effects can effectively prevent biofilms on the entire internal surfaces. The surfaces that
are not in the line-of-sight path of propagation may receive UVC radiation of lower intensities,
whose effectiveness in preventing surface bacterial colonization is unknown. However, the
excessive use of LEDs to ensure the exposure of all surfaces to UVC radiation will increase the
costs associated with the operation and purchase of such fixtures. Moreover, since high-power
UVC LEDs generate substantial heat, they may result in locally elevated temperatures leading to
more biofilm growth.
Assessing the efficacy and efficiency of such UVC-integrated components necessitates the
knowledge of the correlation between UVC intensity and biofilm formation on a surface
continuously or intermittently exposed to UVC radiation. Obtaining such a correlation would be
vital in developing UVC dose-response models for biofilm-initiating bacteria similar to models for
planktonic bacteria. Having the correlation developed, the minimum lethal intensity (I5) required
for biofilm prevention will be determined. The minimum lethal intensity is defined as the intensity
at which detected live bacterial cells are reduced by 95%. We also note the potential for UV
irradiation to enhance biofilm growth due to bacterial stress response at intensities lower than
required lethal intensities (Anaissie et al., 2002). Knowledge of UVC intensity response paves the
way to predict the minimum lethal intensity necessary for biofilm prevention and determine the
alignment of UVC LEDs in complex geometries. This leads to efficient use of UVC LEDs and
may enable the development of battery-powered LED-integrated components, which are easily
retrofittable in available systems. The efficiency of continuous UVC irradiation in LED-integrated
devices is a function of numerous factors such as bacterial species, nutrient availability, water
4

temperature, disinfectant residual, stagnation cycles, shear stress, surface properties, among others,
yet none have been formally studied.
Although this research is primarily focused on the application of UV-LEDs for biofilm
deterrence in premise plumbing fixtures, its results might be applicable to a wide range of
applications where biofilm growth on engineered surfaces is a problem, such as liquid pipelines
and dispensing tubes in food processing, dental unit waterlines, and tubing on medical equipment
(Galié et al., 2018; Otter et al., 2015; Wirthlin et al., 2003).

1.1

Research Objectives
Although several efforts have investigated the effect of UVC on preformed biofilms,

questions about biofilm formation on surfaces continuously exposed to UVC irradiation remain
unanswered. Research questions include:
-

Are bacterial cells able to establish biofilm on a surface continuously exposed to UVC
radiation?

-

What is the minimum UVC intensity required for preventing the formation of biofilm?

-

How would the bacterial growth rate, which is governed by environmental conditions (i.e.,
nutrient availability, hydrodynamics, temperature, etc.), affect the efficacy of such
preventative methods?

-

Will exposing a surface to continuous UVC irradiation thwart biofilm establishment in the
long-term?
o Do bacterial secretions and colloidal material provide shielding against UVC?
o Is there a breakthrough time for biofilm growth under UVC?
5

This study aims to answer the questions mentioned above. Objectives of this work are as
follows:
-

Design an experimental protocol for determination of the minimum lethal intensities for
biofilm prevention, able to
o Deliver adjustable uniform UVC intensities
o Minimize UVC attenuation by the irradiation window and growth medium
o Grow biofilms rapidly and reduce the experiment time
o Discern between biofilm-associated biomass and surface-deposited biomass
o Quantify biofilms along the flow chamber

-

Determine the minimum lethal intensity that prevents biofilm formation under simple
baseline conditions and develop a biofilm-UVC intensity response model

-

Determine the effect of baseline growth rate on the minimum lethal intensity, I5
o Develop intensity response curves at different temperatures
o Determine the correlation between growth rate and model parameters

-

Investigate the efficacy of continuous UVC irradiation over more extended periods

6
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CHAPTER 2: BACKGROUND

CHAPTER 2:
BACKGROUND
2.1

Bacterial biofilms
In DWDS, more than 90% of the biomass is in the form of biofilm, and less than 5% is

suspended in bulk water (Flemming et al., 2002). Biofilms are complex systems with high cell
densities where microorganisms are embedded in extracellular polymeric substances (EPS), which
keep cells together and attached to the surface, forming a matrix with emergent properties
(Flemming et al., 2016). EPS comprises polysaccharides, proteins, lipids, and extracellular DNA
(Hans-Curt et al., 2007; Wingender et al., 1999). By keeping cells adjacent to each other, EPS
enables cell-to-cell communications, horizontal gene transfer, and the establishment of interactive
microconsortia. Moreover, the developed matrix forms an adaptable external digestive system by
retaining extracellular enzymes, which sequester dissolved and particulate nutrients and utilize
them as nutrient and energy sources. In addition, the developed complex matrix provides shielding
against desiccation, oxidizing or charged biocides, some antibiotics and metallic cations, and
ultraviolet radiation (Flemming and Wingender, 2010). Due to resistance to biocides, biofilm
bacteria have up to a 1000-fold higher minimum inhibitory concentration (MIC) for antibiotics
(Mah and O’Toole, 2001; Soto-Giron et al., 2016).
Biofilm formation is regulated genetically in response to environmental signals and
stimulants and through a series of developmental stages. The phenomenon of biofilm formation,
depicted in Figure 2, initially starts with producing a conditioning film composed of
polysaccharides, lipids, proteins, and/or humic substances on the surface. Subsequently,
7

microorganisms adhere to the conditioning film followed by the formation of microcolonies with
EPS generation. Formation of the conditioning film is essential, particularly in low-nutrient
environments like DWDS providing a nutrient-rich environment on the surface. Reaching the
biofilm maturation stage, single cells are released into the bulk water to start new microcolonies
elsewhere (Abe et al., 2011; Liu et al., 2016a; Simões et al., 2010). Signals that stimulate stress
responses are believed to trigger biofilm formation (Landini, 2009). Several non-ideal
environmental conditions that activate stress responses and trigger or increase biofilm formation
include unfavorable temperature and pH, shear stress, sub-lethal disinfectant doses, and nutrient
deficiency, some of which occur in DWDS and premise plumbing (Bridier et al., 2011; Mah and
O’Toole, 2001).

Figure 2-1. Biofilm development cycle.

8

Biofilms in DWDS may act as environmental reservoirs for pathogens, cause or accelerate
pipe corrosion, and impact water quality (Berry et al., 2006; Fish et al., 2017; Kip and van Veen,
2015; Wingender and Flemming, 2011). Microorganisms, including pathogenic bacteria present
in bulk water, may attach to biofilms and proliferate even at concentrations below the detection
limit. As the biofilm reaches the maturation stage, it releases microorganisms into the bulk water
and may alter water quality and result in the transmittance of pathogenic microorganisms to
susceptible human hosts (Wingender, 2011; Wingender and Flemming, 2011).
2.2

Opportunistic bacterial pathogens
Opportunitic bacterial pathogens are waterborne oligotrophs able to grow at extremely low

levels of oxygen with remarkable resistance to disinfectants. The CT99.9% (the product of
disinfectant concentration and contact time to reach 99.9% inactivation) for water-adapted cells
of L. pneumophila, M. avium, and P. aeruginosa are 1050-fold, 2000-fold, and 40-fold compared
to that of E. coli (Grobe et al., 2001; Kuchta et al., 1985; Taylor et al., 2000). Therefore, they can
survive disinfection processes with standard disinfectant dosage, which essentially eliminates all
other disinfectant-sensitive competitors. Consequently, OBPs will have the opportunity to utilize
the available carbon source without any competition (Falkinham et al., 2015b). In addition, some
OBPs are able to survive in the highly nutrient-limited environment, such as M. avium that can
thrive in environments with assimilable organic carbon (AOC) concentrations as low as 50 µg/L
(Norton et al., 2004) or P. aeruginosa that grows even in distilled water (Favero et al., 1971).
Furthermore, their ability to thrive in oxygen-poor environments augments their adaptability to
engineered systems. For instance, M. avium can thrive under oxygen concentrations as low as 6%,
and P. aeruginosa can grow in the absence of oxygen as it can use nitrate as a terminal electron
acceptor (Lewis and Falkinham III, 2015; Sias et al., 1980). Moreover, OBPs are resistant to
9

phagocytic attacks by free-living amoeba. For instance, L. pneumophila and M. Avium not only
survive the phagocytic killing by free-living amoebae, but also they thrive in such free-living
amoebae (Thomas et al., 2010). More interesting is the phagocytosis of P. aeruginosa that resulted
in the killing of Acanthamoeba castellanii (Matz et al., 2008).
Opportunistic bacterial pathogens often cause life-threatening infections in susceptible
hosts with deficient immune systems (Wu et al., 2021). OBPs are responsible for an enormous
number of severe infections whose origins have been traced back to drinking water (Falkinham et
al., 2015b). Nontuberculous mycobacteria (NTM), Legionella spp., and P. aeruginosa, three of the
most commonly tracked OBPs inhabiting DWDS and premise plumbing, have been identified as
significant causes of pulmonary, urinary, and disseminated infections (Diederen, 2008; Falkinham
et al., 2015b; Fazeli et al., 2012; Soto-Giron et al., 2016). Water-related Legionnaires disease and
NTM infection hospitalizations are estimated to be over 30,000 cases per year, with an economic
loss of $860 million/year (Collier et al., 2012; Zhang and Lu, 2021). Moreover, waterborne OBPs
are responsible for a number of nosocomial infections. Although nosocomial infections may
originate from several sources in hospitals, hospital water might be the most important and
controllable source of nosocomial infections (Anaissie et al., 2002).
2.3

Bacterial biofilms and OBPs in drinking water distribution systems
Biofilms are the predominant mode of microbial life in DWDS, able to establish even in

the presence of chlorine at concentrations higher than those relevant to DWDS (0.8-1.5 mg/L)
(Chu et al., 2003; van der Wende et al., 1989). Biofilms in DWDS contribute to residual
disinfectant decay and are potential causes of water turbidity, color, odor, and taste deterioration
(Chandy and Angles, 2001; Liu et al., 2016a). Moreover, acidic metabolites secreted from biofilm
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microbial communities have been identified as sources of corrosion in metallic and concrete
pipelines (Beech and Sunner, 2004; Emde et al., 1992; Starosvetsky et al., 2001). In addition, as
earlier discussed, biofilms harbor pathogenic microorganisms and thus present a major risk for
public health.
Unlike bacterial species of human or animal origins that enter water as contaminants, OBPs
are natural inhabitants of water and are capable of reproduction in DWDS (Falkinham et al.,
2015a). Hence, the number of OBPs substantially increases downstream of the water treatment
plant (Falkinham 3 et al., 2001; Lin et al., 1998). The treatment processes used in drinking water
treatment plants for mitigation of OBPs such as coagulation, flocculation, and granular media
filtration, followed by disinfection using chlorine, chlorine dioxide, or chloramine, are not capable
of completely preventing the proliferation of OBPs in DWDS due to the several adaptive features
of OBPs and environmental conditions in DWDS (Huang et al., 2021; Li et al., 2018; Liu et al.,
2019; Vicuña-Reyes et al., 2008). Features like oligotrophy, ability to withstand disinfection and
heat, slow growth and decay rates, and tendency to form or inhabit protective biofilms enable their
survival and proliferation in DWDS (Falkinham 3 et al., 2001; Wang et al., 2013, 2012).
The role of DWDS and premise plumbing biofilms in hosting and proliferation of
opportunistic pathogens is increasingly being recognized (Falkinham et al., 2015a; Williams et al.,
2013). Several studies have isolated one or more of the opportunistic pathogens from the biofilm
in hospital showerheads, faucets, and plumbing components in general (Anaissie et al., 2002;
Cordes et al., 1986; Decker and Palmore, 2014; Shin et al., 2007; Soto-Giron et al., 2016). Shower
water and aerosolized shower mist have been suggested as potential sources of infection in
individuals with compromised immune systems (Feazel et al., 2009; Gebert et al., 2018; SotoGiron et al., 2016; Zietz et al., 2006). In this context, showerheads have been studied the most
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amongst plumbing components due to the generation of aerosols as the transmission of
opportunistic bacterial pathogens mostly occurs through inhalation rather than ingestion which
makes showerheads of greater concern (Bentham and Whiley, 2018; Wang et al., 2017). Several
studies on OBPs-infected hospitalized patients have traced back sources of infections to patient’s
home showers (Falkinham et al., 2008; Nishiuchi et al., 2007; Pedro-Botet et al., 2002).
2.3.1 Existing interventions
Building-wide interventions for the control of OBPs are commercially available and used
as supplementary disinfection systems or emergency remedies after an outbreak. Examples of
available technologies include continuous dosing of chlorine, chloramine, chlorine dioxide,
superheat-and-flush disinfection, chlorine shock and hyperchlorination, copper-silver ionization
(CSI), ultraviolet treatment systems, and point of use filtration. Nonetheless, the long-term efficacy
of such technologies is under debate.
The long-term efficacy of the abovementioned technologies might be impacted by the
complex nature of plumbing systems, particularly in multi-story buildings, which might have areas
where exposure to disinfectant is limited, providing microorganisms with growth opportunities
that may eventually spread in the premise plumbing (Cordero et al., 2015). Moreover, biofilm as
the primary host for OBPs is highly resistant to the majority of commonly used technologies. Orsi
et al. investigated the effectiveness of hyperchlorination combined with continuous chlorination
against Legionella in full-scale plumbing systems over a 5-year period. Although the utilized
technology could reduce Legionella count, it was unable to fully prevent its occurrence (Orsi et
al., 2014).
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Moreover, biofilms as the primary reservoirs of OBPs, are highly resistant to disinfectants.
Research on mature L. Pneumophila biofilm revealed its survival and regrowth after a one-hour
treatment with 50 mg/L chlorine, which is in the range of concentrations used for hyperchlorination
(Cooper and Hanlon, 2010). In a 4-year monitoring study from a hospital that used CSI, no cases
of Legionella were observed in circulating warm water; however, samples collected from taps and
showers that were not in frequent use showed that even high concentrations of silver (55 g/L)
were not successful in preventing the occurrence of Legionella. As a chemical-free intervention,
UV disinfection systems were also reported to be effective against Legionella in a small area;
however, it should be combined with another disinfection method due to lack of residual activity.
Moreover, it is required to maintain the water system so that biofilm formation and legionella
recolonization do not occur (Franzin et al., 2002).
The limitations associated with the abovementioned interventions, in addition to the
concerns about the long-term efficacy of such interventions, drive the research for alternative
interventions that can control the occurrence of OBPs over more extended periods. Moreover, the
majority of the currently available technologies are not scalable and not designed to be used in
small residential buildings where plumbing components are potential sources of infections.
2.4

Bacterial inactivation by ultraviolet radiation
Ultraviolet disinfection is a well-established treatment technology used for several

applications such as tertiary wastewater treatment, pretreatment of industrial water, disinfection of
drinking water, infection control in healthcare settings, and food safety systems (Doud et al., 2014;
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Figure 2-2. A) The spectrum of ultraviolet light; B) UVC mechanism of action.

Lai et al., 2018). Unlike conventional disinfection methods (e.g., chemical disinfection), UV
irradiation does not require chemical addition and does not produce any significant disinfection
byproducts, making it an attractive alternative to chemical disinfectants. The near UV spectrum
includes three sub-bands: UVA, UVB, and UVC (Figure 2-2A), out of which UVC is the most
important and overlooked sub-band. The UVC irradiation mechanism of action involves DNA and
RNA damages, while UVA induces increased levels of reactive oxygen species (i.e., superoxide,
hydroxyl radical, singlet oxygen, and hydrogen peroxide), leading to oxidative damage to the
cellular membrane and causing growth delay (Hamamoto et al., 2007). Upon absorption of UVC
radiation, thymine nucleobases in DNA form cyclobutane pyrimidine dimers (CPDs), which
interfere with the critical process of transcription by the transcriptase enzyme (Figure 2-2B) (Dai
et al., 2012). Although the formation of CPDs is the primary mechanism of UVC disinfection,
other photoproducts of nucleic acids, which interrupt transcription and replication, also contribute
to bacterial cell inactivation.
In the UVC sub-band, the 254 nm wavelength has been employed the most as the nucleic
acid absorbance spectrum depicted in Figure 2-3 exhibits peak absorbance at around 260 nm.
Moreover, the most common and available source of UVC, the low-pressure mercury-vapor arc
lamp (LPM), emits quasi-monochromatic light at a wavelength around 254 nm (Buonanno et al.,
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2020; Shen, 2019). In addition to low-pressure lamps, medium-pressure mercury-vapor lamps
(MPM), emitting a broader range of wavelengths, have been employed. MPMs convert around
12% of power input to UVC with a lifetime of about 5000 h and power output of 1-30 kW and
operate at lower temperatures. LPMs efficiency and lifetime are more than twice the medium

Figure 2-3. Nucleic acids exhibit peak absorbance at 260 nm.
Adapted from Chang-Hui shen, 2019. (Shen, 2019)

pressure lamps, while its power output is less than 1 kW (IJpelaar et al., 2010).
Due to their high electrical efficiency (the ratio of power consumed to the degree of
inactivation achieved) and inexpensiveness, mercury lamps have been the dominant source of UV
radiation; however, there has been a growing concern with regard to the possible mercury
contamination of finished water. Thus, the development of alternatives to mercury-containing
lamps is gaining more attention (Naunovic et al., 2008). UV LEDs and Excimer lamps have been
two of the most promising technologies.
Excimer lamps are quasi-monochromatic UV sources able to emit a broad range of
wavelengths in the UV spectrum depending on the gas utilized. For instance, krypton chloride
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(KrCl*) excimer lamps are capable of generating substantial emission in the UVC region with a
peak at around 222 nm, while KrBr* excimer lamps emit at 207 nm (Bergman, 2021; Buonanno
et al., 2013). The inactivation efficiency of emission at 222 nm is almost the same as those of
emission at 270-280 nm and efficiently inactivates drug-resistant bacteria while its adverse effects
are significantly reduced even when compared to mercury lamp emission at 254 nm (Bergman,
2021; Buonanno et al., 2017; Welch et al., 2018; Woods et al., 2015). Currently, the application
of excimer lamps is very limited due to their low efficiency. For instance, KrCl* excimer lamps
were reported to have a maximum efficiency of 9.2%, which is far below LPM lamps (Zhuang et
al., 2010). However, the use of excimer lamps is desirable, where mercury lamps may pose a risk
to human health.
Interest in UV-C LEDs has been increasing in recent decades due to their portability,
absence of mercury, longer lifetime, tunable wavelength, and on-off time of microseconds
(Chatterley and Linden, 2010; Oguma et al., 2013; Sun et al., 2006; Würtele et al., 2011). UV
LEDs are able to emit a wide range of wavelengths from 210-360 nm; however, there is more
tendency towards LEDs emitting at 260-275 nm due to their higher radiative efficiency (Bergman,
2021; Wang et al., 2021). Although UV LEDs are less efficient compared to mercury lamps, it is
predicted that they will follow a similar development trend as visible LEDs to reach a wall plug
efficiency of 75% and a lifetime of 100,000 h (Banas et al., 2005; McDermott et al., 2008). The
compact size of UV LEDs facilitates their integration into different geometries and enables more
flexible reactor designs.
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2.4.1 Planktonic bacterial cells and viruses
The inactivation of planktonic bacterial cells by UVC radiation has long been established
and supported by copious literature. UVC inactivates almost any waterborne enteric pathogens in
their planktonic form if a sufficient dose is delivered (Auerbach et al., 2008). Even those resistant
to chlorine disinfection, such as Cryptosporidium and Giardia, were observed to respond very well
to UV irradiation (Adeyemo et al., 2019). The response of microorganisms to UVC radiation may
vary significantly. For instance, bacteria spores such as Bacillus subtilis and viruses such as the
Adeno virus are more resistant to UVC radiation and require higher doses compared to that of
bacteria (Chevrefils et al., 2006).
In addition to the wide variability of response to UVC radiation amongst microorganisms,
growth conditions, growth phase, and environmental stressors may impact the physiology of
microorganisms, and therefore, influence their response to UVC inactivation (Gayán et al., 2014;
Semanchek and Golden, 1998; Wesche et al., 2009). For example, E. coli cells are more resistant
to UVC in the stationary phase compared to the exponential phase, while Bacillus subtilis exhibits
the opposite showing more susceptibility to UVC in the stationary phase (Gayán et al., 2014, 2011;
Wassmann et al., 2011). Environmental parameters such as pH and water activity may impact
some microorganisms while inert to other microorganisms. Gayan et al. observed no changes in
the resistance of E. coli STCC 4201 when pH and water activity were changed, whereas Mckinney
et al. reported higher resistance to UVC for Listeria monocytogenes in mildly acidic conditions
(Gayán et al., 2011; McKinney et al., 2009).
Despite all the variations between microorganisms in their response to ultraviolet
irradiation, several empirical models have been proposed for predicting the response of planktonic
bacteria to UVC radiation, out of which the most used models are based on Chick’s law and its
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modifications. Chick’s model was primarily developed for conventional disinfectants such as
chlorine and it was later adapted to UV disinfection. Equations 2-1 and 2-2 show two of such
models, Chick-Watson and delayed Chick-Watson, respectively (Brahmi et al., 2010; Dalrymple
et al., 2010; Jensen, 2010; Zhou et al., 2017).

𝑁
= 𝑒 −𝑘𝐼𝑡
𝑁0
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𝑁
= { −𝑘𝐼𝑡
𝑒
,
𝑁0

Eq. 2-1

𝑡 < 𝑡𝑙𝑎𝑔
𝑡 ≥ 𝑡𝑙𝑎𝑔

Eq. 2-2

Where k is the inactivation rate constant, I is the intensity, and t is the time. Eq. 2-2 is the
modified version of Eq. 2-1 where a time lag parameter (tlag) is introduced to account for the initial
lag-phase in the disinfection process. These empirical models, along with other modifications,
enable the prediction of bacteria response to UVC radiation.
2.4.2 Bacterial cells embedded in biofilms
While the effectiveness of UVC irradiation on planktonic bacteria is well-established, its
effectiveness in deterring biofilm formation is not well studied. Several studies have investigated
the effect of UVC irradiation on preformed biofilms. Argyraki et al. studied the effect of UVB and
UVC on P. aeruginosa biofilms and observed 1-log inactivation at a UVC dose of 1000 mJ/cm2
(Argyraki et al., 2016b), while 1-log inactivation of planktonic P. aeruginosa required a dose of
about 2 mJ/cm2 (Whitham et al., 2018). Bak et al. observed 2-log inactivation for biofilm bacteria
on contaminated urinary catheters at a dose of 1500 mJ/cm2, which is 100 to 1000 fold higher than
that of planktonic cells (Bak et al., 2009). The high doses required for the inactivation of biofilm
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bacteria arise from the shielding provided by EPS. Several other efforts have investigated the effect
of UVC disinfection pretreatment on subsequent biofilm formation (Bak et al., 2010; Ben Said et
al., 2011; Lakretz et al., 2011). Similar to the former approach, the latter requires high doses of
UVC irradiation leading to high energy consumption. Moreover, the disinfection pretreatment
reduces the viable bacterial count but still allows downstream biofilm formation.
Missing from the literature is the study of biofilm formation on a surface exposed to UVC
irradiation. Unlike UVC disinfection processes that focus on the reduction of cells in bulk water,
continuous exposure of a surface to low-intensity UVC irradiation primarily aims to eradicate cells
adjacent to the surface and at the initial stages of biofilm formation (e.g., initial adherence), which
will reduce the energy demand while eradicating biofilm formation on the surface of interest. Such
studies may enable the development of predictive models, similar to empirical models discussed
in section 2.3.1 for planktonic bacteria, able to predict colonization on a surface exposed to UVC
radiation.
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CHAPTER 3:
QUANTIFICATION AND MODELING OF THE RESPONSE OF
SURFACE BIOFILM GROWTH TO CONTINUOUS LOW INTENSITY
UVC IRRADIATION
The contents of this chapter were published in Water Research. Vol: 193. 2021. 116895.
3.1

Summary
Though germicidal UV radiation is widely applied for the disinfection of water and food,

it may also be used to prevent bacterial growth and colonization on surfaces within engineered
systems. Emerging UV source technologies, such as ultraviolet-C (UVC) LEDs, present new
opportunities for deterring biofilms within certain devices, including medical equipment, food
equipment, and potentially plumbing fixtures to prevent opportunistic prevention respiratory
pathogen infections. Rational design for incorporating UVC sources into devices with complex
internal geometries is currently hampered by the lack of an engineering framework for predicting
reductions in biofilm growth rates in response to continuous low-intensity irradiation. Herein we
have developed an experimental apparatus and method for growing biofilms under concurrent UV
irradiation and quantifying the resulting suppression of surface growth. Under accelerated growth
conditions over 48 h, E. coli surface biovolume was reduced by 95% compared to control biofilms
(grown in the dark) by a UV intensity of 50.5 µW/cm2 (254 nm). The required intensity for biofilm
prevention was higher than expected, given the UV dose response of the bacteria employed and
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the cumulative doses delivered to the test surfaces. The results indicate that biofilms can establish
even under irradiation conditions that would result in complete inactivation of planktonic cells,
likely due to the shielding effects of colloidal material and microbial exudates. A pseudomechanistic model was also developed, which correlated UV intensity to the resultant reduction
in specific surface biovolume.
3.2

Introduction
The establishment and growth of bacterial biofilms on engineered surfaces is largely an

unwanted occurrence, countered with physical cleaning, chemical disinfection, and anti-fouling
material strategies. Ultraviolet-C radiation (UVC) is highly biocidal toward nearly all
microorganisms; however, it is not typically considered as a useful tool for in situ biofilm
deterrence, as its effects are strictly ephemeral and limited by line-of-sight between UV sources
and target areas. Incorporation of UVC lamps into water distribution systems, food processing
equipment, medical devices, etc., can prevent biofilm growth only on a discrete and limited portion
of surfaces of concern in practical application (Bernbom et al., 2011; Cates and Torkzadeh, 2020;
Liu et al., 1995). While UVC may contribute indirectly to the control of biofouling in continuously
operated systems and devices, its main function thus far has been limited to “one-pass” reduction
of pathogen concentrations in output streams (Bak and Begovic, 2013; Liu et al., 1995).
The advancement of small, compact, UV light-emitting diodes (LEDs) is likely to alter the
applications landscape of UVC beyond the conventions of widely used and bulkier mercury lamp
sources (Song et al., 2016). Integration of UV-LEDs into multiple points within fluid handling
systems may therefore serve to eliminate biofilms on select portions of internal surfaces for which
fouling is of particular concern. For example, our main application of interest is deterrence of
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biofilm growth within showerheads and other plumbing fixtures to reduce the burden of bacteria
and biofilm particles in shower aerosols (Cates and Torkzadeh, 2020) – a known source of human
respiratory infection by opportunistic pathogens in hospital settings (Collins et al., 2017; Delia et
al., 2007; Falkinham et al., 2008; Zmirou-Navier et al., 2007). When used in this fashion, UVLEDs may serve the dual roles of preventing colonization on target surfaces, as well as bulk stream
disinfection. Yet, in contrast to UV inactivation of planktonic microorganisms, there is no existing
framework of rational design for surface irradiation schemes that counteract biofilm growth on a
continual basis. More explicitly, the extent to which a particular UV source and intensity may
reduce or eliminate growth under a defined set of environmental parameters cannot currently be
predicted. Herein, we present biofilm irradiation experimental protocols and quantitative methods
that begin to address this knowledge gap.
Previous works have shown that sublethal UV irradiation of bacteria in water can
encourage subsequent biofilm-forming behavior, following the UV exposure (Bak et al., 2010;
Ben Said et al., 2011; Lakretz et al., 2011). Shen et al. found that biofilms grown under low residual
disinfectant concentrations were more fragile and released more bacteria contained within
protective exopolymer particles. Bacteria within preestablished biofilms also show greatly
diminished UVC susceptibility upon exposure, compared to their planktonic counterparts
(Argyraki et al., 2016a; Bak et al., 2009; Li et al., 2010). Gora et al. found that the dose from
265 nm LEDs required for P. aeruginosa within biofilms was 5 times greater than that of
planktonic cells (Gora et al., 2019).
Distinct from these scenarios, a concurrent irradiation approach would seek to inactivate
cells approaching a submerged surface and during initial stages of attachment to prevent surface
colonization altogether, and potentially with the use of relatively low-power UV sources. With the
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exception of UV-opaque liquid food applications, direct continuous exposure of an internal surface
to even a small LED source could readily prevent active colonization in the irradiation zone;
nonetheless, complex internal geometries of fluid handling devices may easily present line-ofsight challenges. The “intensity response” of surface bacteria receiving more indirect, i.e. scattered
or reflected photons at lower intensities, is pertinent to practical design of such systems (Cates and
Torkzadeh, 2020). We hypothesized that the intensities required to prevent surface colonization
on a long-term basis are order(s) of magnitude lower than that required for typical disinfection of
bulk water streams. The exposure time for bacteria that have attached on the targeted surface would
be independent of – and presumably vastly greater than – the hydraulic residence time of the
irradiation zone. Even a low intensity UV source would therefore impart a large cumulative
radiation dose to the surface bacteria.
The objectives of this work were: to development an experimental apparatus for
quantifying the effects of continuous UV irradiation on biofilm growth; to demonstrate that biofilm
irradiation experiments and quantitative analyses may be conducted with a functional level of
reproducibility; to develop a mathematical model that describes the UVC intensity response of
surface biofilm growth; and to formally establish, for the first time, the biofilm UVC intensity
response for a bacterial strain on a test surface with defined environmental parameters.
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3.3

Materials and methods

3.3.1 Design criteria of biofilm irradiation apparatus and analysis
Several key functionality criteria were identified for a laboratory biofilm growth and
irradiation setup capable of producing the desired data. First, the apparatus and methods needed to
be capable of growing biofilms on submerged test surfaces at consistent rates in the absence of
UVC irradiation, in order to establish baseline growth rates for comparison and for serving as
experimental controls. Since our focus was on examining UV intensity response on a fundamental
level, environmentally relevant conditions (i.e. biofilm establishment occurring over weeks or
months) were not prioritized. Instead, conditions that resulted in significant biofilm coverage
within 1-2 days were employed in order to expedite the experiments.
Second, the apparatus needed to achieve irradiation of the test surface with precisely known
UVC intensities, while holding all other conditions identical to the control experiments. The UVC
intensity impinging on the test surface also needed to be tunable within a certain range of interest.
Lastly, a means of quantifying the resulting biofilm growth was sought. Specific biovolume
(SBV) was selected as the main quantifiable biofilm parameter herein, which is defined as the
volume of fluorescing cells (µm3, see below) per superficial area of the test surface (µm2), and is
reported in units of µm (i.e. µm3/µm2). Since the growth time of our experiments was fixed, the
final SBVs on the surfaces were also directly proportional to the average biofilm growth rates
(µm/h). Furthermore, because accelerated growth conditions involving injection of a concentrated
bacterial suspension were used (described below), an ability to distinguish between biovolume
associated with biofilm growth (i.e. active surface colonization) and biovolume attributed simply
to colloidal deposition of planktonic cells, was deemed useful.
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3.3.2 Flow cell biofilm growth system
Figure 3-1 depicts a schematic of the experimental apparatus for growth of biofilms under
continuous UV irradiation at controlled intensities, showing the flow cell system and collimated
beam irradiator. An image of the experimental setup is shown in Figure 3-2. Biofilms were grown
in a two-chamber flow cell (FC 275-AL; Biosurface Technologies Corporation) containing
flowing aqueous growth medium with each chamber having volume and depth of 0.131 mL and
0.33 mm,

Figure 3-1. Experimental apparatus for growth of biofilms under continuous UV irradiation at controlled
intensities, showing the flow cell system and collimated beam irradiator.

25

Figure 3-2. Experimental setup for biofilm under continuous UVC irradiation at controlled
temperatures.
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respectively. The flow cell was equipped with glass viewing windows over each chamber,
one of which, in this case, was replaced with a custom-made fused silica glass cover slip, which
served as an irradiation window (60 × 240 × 0.2 mm, Technical Glass Products). The total UV
transmittance of the cover slip glass at 254 nm (UVT254) was 99%, as determined by a UV-vis
spectrometer. The inner surface of the windows in contact with the solution served as the test
surface for biofilm growth. The flow cell was also equipped with two injection ports (3-way
valves), which enabled the injection of bacterial suspension and staining dyes. We note that this
configuration resulted in UV emanating from the surface during irradiation (“bottom-up”), rather
than approaching from the direction of the bulk solution (“top-down”). While top-down irradiation
is more pertinent to device applications, it requires the UV beam to penetrate the solution, which
contains solutes and colloidal material; therefore, bottom-up irradiation enabled stricter control of
UV intensity directly at the surface for untarnished observation of biofilm intensity response.
Influent solution was pumped into the two chambers simultaneously, in parallel, using two
peristaltic pumps. For each irradiation experiment, one of the chambers retained its original
borosilicate glass window with UVT254 of 0, thus resulting in growth of a non-irradiated biofilm
for quantitative comparison and to serve as a quality control check. Trials wherein unusually low
growth in the control chamber was observed were excluded from the data.
In order to prevent contamination, the flow cell, tubing, feed containers, and growth media
were cleaned and autoclaved prior to each experiment. Size 16 precision pump tubing made of
platinum-cured silicon was used in all experiments. Flow cell cleaning involved disassembling of
the flow cell and cleaning flow chamber, and injection, inlet, and outlet ports. No bacterial growth
was observed prior to injection ports (e.g., feed container, tubing, and bubble trap). The feed
containers were isolated from the ambient. Air transfer took place through 0.2 m syringe filters,
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which maintained the pressure in feed container while preventing contamination. A bubble trap
was installed right before the flow cell to avoid bubble formation in flow chambers.
3.3.3 Temperature-controlled environmental chamber
A custom-built environmental chamber was used for controlling the temperature at a set
value. The camber was constructed using plastic sheets encompassing the irradiation compartment
of the collimated beam apparatus. As shown in Figure 3-2, in addition to the plastic sheets
surrounding the irradiation compartment, the irradiation compartment housing the flow cell is also
enclosed using a plastic sheet. This lowered the heat transfer from the irradiation compartment to
the ambient air ensuring less temperature fluctuations.
A space heater connected to a thermostat temperature controller (Inkbird ITC-608T,
INKBIRD, London, England) was used to heat the compartment. The temperature sensor was
installed inside the irradiation compartment near the flow cell to better represent the temperature
of the flow cell. Using a closed-loop control system, the temperature controller turned on/off based
on the temperature reading from the sensor and the set value. In order to ensure the accuracy of
temperature control, the temperature was recorded using a temperature recorder (Elitech.GSP-6,
Elitech, Sasn Jose, California). Figure 3-3 shows the temperature recordings over the period of
two days with a set temperature of 33°C.

28

Figure 3-3. Temperature readings of the environmental chamber over 48 h for set temperature of 33°C

29

3.3.4 Bacteria and growth medium
FDA strain Escherichia coli (ATCC® 25922TM) was chosen as a model biofilm-forming
bacterium for use herein due to its ability to rapidly grow biofilms on surfaces and its
nonpathogenic nature (Ashby et al., 1994; Naves et al., 2008). A custom growth medium was also
developed for use in the flow cells as part of this work, which was optimized to achieve maximal
UVT254 while still resulting in rapid E. coli growth. Ultimately, a formula comprising M9 media
salts, tryptic soy broth (TSB), and glucose was developed, with a UVT254 of 68% cm-1. Despite
the use of a bottom-up irradiation approach in this work, minimization of UV attenuation by the
solution was desired so that suspended bacteria approaching within microns of the surface would
encounter UV photons more similarly to in a top-down irradiation scenario.
3.3.5 Bacteria stock and propagation methods
Initially, Escherichia coli (ATCC® 25922TM) was cultured in fresh autoclave-sterilized
tryptic soy broth (TSB) in a shaking incubator at 115 rpm and 37 °C for 18 hours. The bacterial
suspension was then centrifuged at 3000 relative centrifugal force (rcf) and 4 °C for 15 minutes
and the resulting supernatant was disposed of. The remaining pellet was washed by resuspension
in fresh autoclave-sterilized phosphate buffer solution (PBS, pH 7.4) and centrifugation at the
abovementioned conditions. Washing was repeated thrice, and the resulting bacterial suspension
was stored in 30% glycerol at -80 °C. For each experiment, an autoclave-sterilized toothpick was
used to transfer the frozen bacterial culture to a 125 mL Erlenmeyer flask containing 50 mL TSB,
which was then incubated at 37 °C and 115 rpm for 18 hours. The bacterial suspensions were then
washed thrice using PBS and centrifugation at 3000 rcf for 15 minutes and stored at 4 °C.
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3.3.6 Surface irradiation system
To irradiate the test surfaces with UV, the flow cells were placed in a collimated beam
apparatus constructed according to Bolton and Linden and Kuo et. al., (Bolton and Linden, 2003;
Jeff et al., 2003) with the irradiation windows oriented toward the beam (Figure 3-1). An image of
the apparatus is shown in Figure 3-4. The apparatus comprised a low-pressure mercury lamp,
blackened collimating tube, and exposure platform. To achieve variable UVC intensities, one of
two lamps was employed (4 W or 15 W) while additionally adjusting the distance of the lamp from
the tube entrance and placing fused silica glass plates at the tube entrance to serve as mild
attenuating filters. For each lamp configuration, UVC intensity (µW/cm2) was determined
systematically at the location of the flow cell window along the vertical axis, using a radiometer
with germicidal detector head (Solar Light Co.) and protocol provided by (Bolton et al., 2015).
Temperature of the irradiation chamber was maintained at 28 ±1°C using a small space heater,
which also circulated air around the flow-cells.
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Lamp Enclosure

Collimating Tube

Figure 3-4. Custom-built collimated beam apparatus. The lamp enclosure encompasses the UV254 lamp installed on
two vertical rods by swiveling clamps enabling the vertical movement of the lamp.
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3.3.7 UV Intensity determination methods
UVC radiation was delivered using irradiance measurements and calculations were carried
out with few adjustments to the fluence determination protocol developed by Bolton et al. (Bolton
and Linden, 2003; Jeff et al., 2003). That protocol was developed for stirred-Petri dishes, which is
not accurate for bacterial inactivation on surfaces. Stirring minimizes discrepancies between UVC
doses received by liquid contents at different points of the Petri dish, while such discrepancies are
not compensated in the case of bacteria inactivation on a surface. Therefore, an irradiance map
was developed for more accurate tracking of the irradiance. Developing such a map becomes more
important for biofilm intensity-response experiments. Irradiance was measured using a radiometer
(PMA 2200 single-input radiometer, Solar Light, Pennsylvania, USA) equipped with a UVC
detector with a spectral response of 249-259 nm (PMA 2122, Solar Light, Pennsylvania, USA).
Measurements were taken place to determine the average irradiance over a 60 mm  20 mm
rectangle, which covers the viewing window of the flow cell dimensions (50 mm  15 mm). The
rectangle was drawn on a cardboard and divided into 12 squares (10 mm  10 mm). Irradiance
measurements were taken by moving the detector on the corners of each square resulting in 21
measurements shown in Figure 3-5. The vertical position of the detector was adjusted in a way
that the calibration plane of the detector head was at the same level as the top of the flow cell glass
window.
To evaluate the performance of collimated beam apparatus, Petri factors were calculated.
Petri factor is defined as the average irradiance over the target area divided by the irradiance at the
center of the irradiance area. The average irradiance was calculated by Equation 3-1 suggested by
Bolton et al.:
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Figure 3-5. Color map of measured intensities using radiometer for: A) 15 W lamp; B) 4 W lamp.
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𝐸 ′ 𝑎𝑣𝑔 = 𝐸0 × 𝑃𝑒𝑡𝑟𝑖 𝐹𝑎𝑐𝑡𝑜𝑟 × 𝑊𝑎𝑡𝑒𝑟 𝐹𝑎𝑐𝑡𝑜𝑟 × 𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟
× 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟

3-1

Where Eavg is the average germicidal irradiance, and E0 is the radiometer reading at the
center of irradiated area and at a vertical position so that the calibration plane of the detector head
is at the same level as the top of the flow cell glass window. Since the inner surface of the cover
glass is of interest and no water is above the glass, the water factor was eliminated. Moreover,
measurements were always taken at the same vertical position, eliminating the divergence factor.
Since the quartz coverslip transmittance accounts for both reflection and absorption, reflection
factor was replaced with glass transmittance, resulting in Equation 3-2.
𝐸 ′ 𝑎𝑣𝑔 = 𝐸0 × 𝑃𝑒𝑡𝑟𝑖 𝐹𝑎𝑐𝑡𝑜𝑟 × 𝐶𝑜𝑣𝑒𝑟𝑠𝑙𝑖𝑝 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒

3-2

Petri factor was calculated to be 0.915 and 0.905 for the collimated beam apparatus with
15 W and 4 W lamps, respectively. Petri factors above 0.9 are an indicator of well-designed
collimated beam apparatus (Bolton and Linden, 2003). Using calculated Petri factors and coverslip
transmittance of 99%, Eavg for 15 W and 4 W lamps were calculated to be 350.91 and 120.39
W/cm2.
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3.3.8 High transmittance growth media optimization methods
In order to optimize UVC transmittance and growth rate, combinations of M9 minimal
growth media and TSB were tested for UVC254 transmittance and bacterial growth rate. Different
1

dilutions of TSB (30 g/L) and glucose were added to 2 𝑥 M9 media salts (3.39 g/L Na2HPO4, 1.5
g/L KH2PO4, 0.5 g/L NH4Cl, 0.25 g/L NaCl, 0.12 g/L MgSO4, 0.67 mg/L CaCl2). The media were
initially analyzed for UVT254, then inoculated with E. coli, incubated at 37 °C for 20 h, and OD600
was monitored. Bacterial growth was monitored by measuring optical density (OD) of bacterial
suspensions at 600 nm (OD600). Figure 3-6A shows bacterial growth versus time and Figure 3-6B
shows the transmittance of corresponding growth media. The tradeoff between UVC 254
transmittance and bacterial growth rate resulted in a final feed solution comprising of 1:1000
dilution of TSB (30 mg/L), 0.5 mg/L glucose, 3.39 g/L Na2HPO4, 1.5 g/L KH2PO4, 0.5 g/L NH4Cl,
0.25 g/L NaCl, 0.12 g/L MgSO4, 0.67 mg/L CaCl2.

Figure 3-6. Nutrient feed optimization: A) Optical density at 600 nm vs. time; B) Growth medium
transmittance corresponding to Figure 3-6A.
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3.3.9 Biofilm growth and irradiation experimental procedure
All system components which contacted the solutions, including the flow cell, were
autoclaved before each experiment. Biofilm growth experiments began by filling the flow cell with
TSB solution via the injection ports and waiting 1 h, followed by injection of 2 mL of stationary
phase E. coli suspension (109 cfu/mL), then allowing the system to sit for another 1 h. Pumping of
sterilized growth media through the flow cell at 0.25 mL/min was then initiated and the UV lamp
was engaged. Biofilms were allowed to grow for 48 h before both pumping and irradiation were
ceased. This approach thus simulated device application scenarios wherein the surface of interest
initially contains no established biofilm coverage but is already contaminated with some bacteria
when the UV source is initiated.
Biofilm analysis methods. Immediately following the growth procedure, the flow cell was
perfused with a 0.85% NaCl rinse solution and disconnected from the tubing, and the growth
surfaces were analyzed via confocal laser scanning microscopy (CLsM; Nikon Eclipse Ti). A
custom-built mounting stage was employed that allowed positioning of the entire flow cell over
the microscope objective lens, and for laser excitation and imaging of the growth surface to be
conducted through the irradiation window. Hence, disturbance and manipulation of the biofilms
were minimized, and full hydration was preserved. Prior to imaging, the flow cell contents were
stained by injecting fluorescent dyes, including SYTO9 and propidium iodide (PI) nucleic acid
stains, in order to contrast live+dead cells and dead cells, respectively (LIVE/DEAD®
BacLightTM, Invitrogen, USA) (Ben-Sasson et al., 2014).
Additionally, concanavalin A (ConA; CF® 405S, Biotium, Inc., Fermont, California) was
used to stain and image extracellular polymeric substances (EPS). CLSM images were captured at
different depths in the middle of the flow cell, scanning a total area of 0.41 mm 2 of the biofilm.
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Three such scans were performed at random points within each biofilm sample and averaged to
obtain one result; experiments at each intensity were further performed in triplicate to yield a total
of 9 data points for each intensity condition. Scanning and processing of the data using the
COMSTAT plug-in for ImageJ software enabled determination of the live cell, dead cell, and
EPS-associated SBVs for each biofilm sample (Heydorn et al., 2000). While absolute
experimental SBV values are somewhat subjective and influenced by imaging parameters
(e.g. excitation intensity, detector gain, etc.), our results and discussion focus on relative values
of SBV as compared to the control biofilms.
3.3.10 Biofilm staining and imaging methods
At the end of each experiment run, the excess media was washed off the flow chambers
using physiological sodium chloride solution (0.85% NaCl) at a flow rate of 0.5 mL/min for 10
minutes. Then, 100 g/ml Concanavalin A (Con A) in Hanks balanced salt solution (HBSS) was
injected into the flow chambers through the injection port and was kept for 30 minutes in the dark.
In order to wash off the excess Con A from the flow cell chambers, HBSS was allowed to perfuse
the flow chambers at a flow rate of 0.5 mL/min for 10 minutes. Subsequently, a dye solution
containing 5.01 M SYTO9 and 30 M PI was injected into the flow chambers and left in the dark
for 20 minutes. The excess dyes were washed off by perfusing the flow chamber with a
physiological salt solution (0.85% NaCl) at a flow rate of 0.5 mL/min for 10 minutes. HBSS was
used as rinsing solution in experiments that involved Con A staining. For all other experiments,
only 0.85% NaCl was used for rinsing.
CLSM images were captured using Nikon ECLIPSE Ti microscope equipped with a Plan
Fluor 20X/0.75 objective lens. Excitation of SYTO9, PI, and Con A was carried out using 488 nm,
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561 nm, and 408 nm laser lines, respectively. FITC, TRITC, and DAPI emission filters, were used
for emitted light from SYTO9, PI, and Con A, respectively.
3.3.11 Planktonic cell dose response
The UVC dose response of planktonic stationary phase E. coli was determined using
collimated beam experiments and spread-plate assays. The bacterial suspension prepared in section
3.3.5 was diluted in PBS to reach bacteria concentration of 107 CFU/mL. A Petri dish containing
30 ml of the diluted solution was placed under the collimated beam apparatus on a magnetic stirrer
and the suspension was stirred for the duration of the experiment. The distance between
collimating tube and water surface was adjusted to 2 cm using a lab jack. Intensity was measured
using the same photometer of section 3.3.7 with the calibration plane of the detector head at the
same level as the water surface.
3.3.12 Data analysis and modeling
The results and discussion presented below focus primarily on the dataset comprising
experimental values of SBV following a fixed growth period, as a function of UVC intensity.
Following data collection, models were developed that related SBV to UVC intensity under a fixed
set of growth conditions, referred to hereafter as intensity response models (model development
and parameters are discussed in the Results and Discussion). Model fits (pseudo-R2), standard
error, and p-values of model parameters were determined using nonlinear regression in RStudio.
In this study, Nagelkerke Pseudo-R2 was used to evaluate the goodness of the fit as the commonly
used R2 has been reported to be an erroneous measure for evaluating nonlinear curve fitting
(Nagelkerke, 1991; Spiess and Neumeyer, 2010).
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3.4

Results and discussion

3.4.1 Planktonic bacteria dose response
The UVC dose response of planktonic E.coli were carried out for 0, 30, 60, 90, 120 with
UVC intensity of ~ 60 seconds. The results are shown in Figure 3-7. A delayed Chick-Watson
model was fit to inactivation data, which is shown in Equation 3-3.

Figure 3-7. E. coli planktonic dose response.

ln (

𝑁
) = −0.61 (𝐼𝑡 − 0.974)
𝑁0
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3-3

3.4.2 Results of method assessment
Representative CLSM images of control and irradiated E. coli biofilms using live/dead and
EPS staining are shown in Figure 3-8A and B. As evidenced by the dense coverage of green-

Figure 3-8. CLSM images of E. coli surface coverage on a representative control surface (A and C;
no irradiation) and surface irradiated at 351 µW/cm2 (B and D). Top images show fluorescence from
live staining (green), dead staining (red), and EPS staining (blue), while bottom images show only
EPS fluorescence of the same samples. Scale bar in D applies to all panels. Growth time = 48 h.
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stained cells on the control sample (Figure 3-8A), the biofilm growth methods resulted in
successful surface colonization on the test surface within 48 h. The surface irradiated at maximum
UV intensity (351 µW/cm2), however, showed much less coverage, with only scattered and
seemingly individual cells that exhibited both live and dead (red) fluorescence. As is evident from
the additional data discussed below, such bacteria coverage constituted a minimum threshold of
biovolume that appeared even at prohibitively high UV intensities. We attribute this behavior not
to biofilm establishment, but to colloidal adsorption of cells contained in the original inoculum
injection. Additionally, biofilm growth was visually observed in the flow cell entrance port
upstream of the irradiated zone as a result of incidental inoculation during the initial injection of
bacteria. This biofilm presence contributed to cells and biofilm particles entering the flow cell
chambers throughout the growth period, regardless of UV intensity. While the irradiated surface
had a higher proportion of red dead cells, compared to the control, significant numbers of greenfluorescing cells were also observed. This was a result of the mode of action of the LIVE/DEAD
stain being incongruous with the mechanism of UV inactivation (Cates et al., 2011; Craik et al.,
2000). The employed fluorescent stains only allowed differentiation between cells with ruptured
membranes and those with intact membranes; however, since UV inactivation acts via DNA
mutagenesis and does not directly affect membrane integrity, many inactivated bacteria on the
surface did not express red fluorescence, as their membranes were still intact. LIVE/DEAD
fraction was thus found to be an uninformative metric for this effort, and we relied primarily on
total cell SBV (live+dead), derived from the SYTO9 signal, for the remaining analyses. Finally,
both the biofilm growth method and SBV analysis method showed sufficient reproducibility that
allowed for modeling of the data, discussed below.
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To further confirm that the type of surface bacteria coverage observed at high UV
intensities (Figure 3-8B) did not qualify as active biofilm growth, EPS imaging was conducted.
Representative control and irradiated surfaces showing only EPS fluorescence are seen in Figure
3-8C and D, respectively. The selected images depict the same biofilms as shown Figure 3-8A and
B, respectively. ConA staining yielded semi-continuous regions of distinct blue fluorescence in
the denser portions of the control biofilms, consistent with development of protective slime layers
and three-dimensional structures as biofilm establishment proceeded. For surfaces irradiated at
relatively high UV intensity, only scattered, discrete points of EPS were observed, which did not
correlate strictly with the locations of live cells based on visual assessment. Since no regions of
continuous EPS coverage were observed in the controls, the images indicate that this biovolume
comprised only deposited planktonic cells (most of which were likely inactivated) and deposited
EPS particles which had sloughed off of – or were excreted from – biofilms upstream of the
irradiation zone. A similar pre-biofilm presence of deposited EPS was observed by Yuan et al. in
a membrane bioreactor system (Yuan et al., 2015).
A comparison of EPS biovolume data, shown in Figure 3-9, showed a significant reduction
in EPS coverage upon UV irradiation. Because ConA fluorescence was less intense than the
LIVE/DEAD dyes, higher laser power and detector gain were used during CLSM analysis; hence,
greater background fluorescence may have registered as biovolume to some extent, and absolute
EPS and total cell SBV values were not directly comparable. Overall, while ConA fluorescence
provided a useful qualitative means of distinguishing biofilm-indicative structures from deposited
bacteria, it was not a reliable quantitative metric of the effect of UV irradiation on biofilm
establishment when 9 sample points were used. Total cell biovolume (live+dead) was therefore
used for the intensity response analyses below.
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Figure 3-9. CLSM-detected EPS-associated SBV of control (no UV) and
surfaces irradiated at maximum intensity.

3.4.3

Biofilm intensity response and modeling
Escherichia coli biofilms were grown for 48 h during exposure to continuous UV

irradiation intensities ranging from 0 (control) to 351 µW/cm2. The biofilm intensity response data
are displayed Figure 3-10, and show a distinct inhibitory effect of UVC, as expected.
The SBV data, and thus average biofilm growth rates, exhibited an exponential correlation to UV
intensity.
Our motivations and hypotheses presented in the Introduction refer to a desire to determine
minimum UV intensities for prevention of biofilm growth on surfaces. In theory, such minimum
intensities could be obtained by fitting an intensity response model to the experimental SBV data
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and determining the minimum intensity at which SBV = 0 (in which case biofilm growth was fully
prevented). In practice, however, the SBV data Figure 3-10 exhibited asymptotic behavior at higher
intensities and never reached a zero value. (SBVs for the two highest irradiation intensities of 120.4
and 350.9 µW/cm2 were 0.17 and 0.23 µm, respectively.) Therefore, a wide range of UV intensities
could result in near-zero SBV values, making such a minimum preventative intensity difficult to
pinpoint precisely and overall less meaningful. Instead, we defined an alternative parameter, “I5%”,
for use as the primary metric of biofilm UV intensity response. The I5% is defined as the UV
intensity that results in a 48 h biofilm SBV that is 5% of what it would be under the same conditions
without UV irradiation. (Accordingly, it is the intensity that results in a 95% reduction in average

Figure 3-10.UVC intensity response of E. coli biofilms, showing final live+dead cell
SBV after 48 h of growth. Error bars show standard deviations of separate
experiments performed in triplicate.
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surface growth rate over 48 h.) The value of 5% was arbitrarily chosen as a value greater than 0%
and where a model output of corresponding intensity would be less sensitive to the effects of
biomass deposition from upstream of the flow cell.
To model the SBV data as a function of UV intensity and determine the I5% of E.
coli biofilms subject to the growth conditions used in this work, the Monod microbial kinetics
equation was first modified to reflect biofilm surface growth:
𝑟=

𝑑𝑋
= 𝜇0 𝑋
𝑑𝑡

3-3

Where r is the biofilm specific volumetric growth rate (µm/h), X is the SBV (µm), and µ0 is
the specific growth rate constant in the absence of UV irradiation (h−1). During exposure to UV
irradiation under the same conditions, the apparent specific growth rate constant is reduced
proportionally to the UV intensity:
𝜇𝑖 = 𝜇0 − 𝑘𝜆 𝐼

3-4

Where µi is the apparent irradiated specific growth rate constant (h−1), kλ is a wavelengthdependent intensity response factor (cm2µW−1h−1), and I is the UV intensity (µW/cm2). Thus, for
an irradiated surface:
𝑑𝑋
= (𝜇0 − 𝑘𝜆 𝐼)𝑋
𝑑𝑡

3-5

Integrating this expression yields:
𝑋𝑓 = 𝑋0 𝑒 (𝜇0 −𝑘𝜆𝐼)𝑡 (𝑀𝑜𝑑𝑒𝑙1)
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3-6

Where X0 reflects the initial biovolume present from the inoculation procedure, prior to
nutrient media flow and UV irradiation, and Xf is the final surface SBV. Nonlinear regression

Figure 3-11. Results of regression analysis of Model 1 using experimental
intensity response data.

analysis was used to fit the model to our intensity response data and estimate
the X0 and k254 parameters using the method of least squares. The fit is shown in Figure 3-11 and
To fit a more appropriate model to the intensity response data, the modification of µ0 by
UV irradiation (previously Equation 3-4), was replaced with the following:

𝜇𝑖 =

𝜇0
1 + 𝛼𝜆 𝐼
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3-7

where αλ is a new form of intensity response factor with units of cm2/µW. In this form, as I→0,
µi→µ0, as before. However, as I→∞, µi→0, and does not reach negative values, which better
reflects our experimental findings. The resulting model thus outputs a minimum residual X0 even
at high UV intensities:
𝜇0 𝑡
𝑋𝑓 = 𝑋0 𝑒𝑥𝑝 (
) (𝑀𝑜𝑑𝑒𝑙2)
1 + 𝛼𝜆 𝐼

3-8

Therein, X0 may be considered a residual biovolume that indicates a minimum steady-state
presence of colloidal biomass on the surface which remains even when biofilm growth does not
occur. Results of fitting Model 2 using nonlinear regression analysis are shown in Figure 3-12,

Figure 3-12. Results of regression analysis of Model 2 using experimental
intensity response data.
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resulting in an R2 of 0.97 and a better overall fit to the intensity response curve compared to Model
1. The estimated parameters, corresponding standard errors, and Nagelkerke pseudo-R2 for both
Model 1 and Model 2 are shown in Table 3-1. For determination of I5% for these growth conditions,
the SBV of the control sample (XI=0) was corrected for X0, since X0 was also independent of UV
irradiation. Thus, the Model 2 equation was solved for I while inputting an Xf value of:
𝑋𝑓 = 0.05(𝑋𝐼=0 − 𝑋0 )

3-9

Table 3-1. Model parameters and statistical results of regression analyses of E. coli biofilm
intensity response modeling.

Parameter

X0

α254

k254

Model 1

Model 2

Estimated value

1.000e-04

0.190857

Standard error

1.472e+02

0.093389

p-value

1

0.044

Estimated value

-

0.034945

Standard error

-

0.006648

p-value

-

1.02e-06

Estimated value

2.193e-03

-

Standard error

2.973e-04

-

p-value

8.57e-11

-

0.96

0.97

Pseudo-R2
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The I5% (254 nm) was determined to be 50.5 µW/cm2 for E. coli biofilms under these
growth conditions. The α254 value obtained by fitting this model may also serve as a parameter
that reflects biofilm UV intensity response under a defined set of conditions, though we consider
I5% to have a more intuitive significance.
3.4.4 Implications
Herein, for the first time, the response of biofilm growth rates to continuous UV irradiation
was elucidated explicitly and quantitatively. Our hypothesis which stated that the UV intensity
required for biofilm prevention is orders of magnitude lower than what is needed for bulk stream
disinfection did not prove to be accurate. First, the I5% of 50.5 µW/cm2 was higher than anticipated.
Surface-deposited planktonic bacteria experiencing this intensity would receive a cumulative UVC
dose of 20 mJ/cm2 in less than 7 min. Based on the UV dose response of the bacterial strain
employed, a 20 mJ/cm2 dose results in approximately 5-log inactivation of planktonic E. coli.
Furthermore, since growth occurred over 48 h, most bacteria on the surface received much greater
doses (if no attenuation is assumed) but were still able to form biofilms at intensities approximately
less than or equal to 50.5 µW/cm2. It is therefore evident that some of the deposited bacteria were
substantially shielded from the UV photons, and were able to propagate this shielding effect as the
biofilms grew. Previous research has reported shielding and greatly diminished UV susceptibility
of bacteria existing within interiors of biofilm matrices and suspended bacterial flocs (Argyraki et
al., 2016b; Bak et al., 2009; Kollu and Örmeci, 2012; Li et al., 2010). Though further investigation
is needed using more relevant (slower) growth conditions, these results suggest that continuous
UV irradiation of surfaces may not be capable of fully preventing biofilm establishment over long
periods of time, unless paired with some physical cleaning. We also note that our experimental
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methods resulted in unwanted growth of biofilms upstream of the irradiation zone which acted to
continually inoculate the flow cell with new biomass; while exaggerated in this case, actual UV
device application in plumbing fixtures or liquid food processing streams are likely to experience
a similar influx from upstream microbial activity.
Further research is needed to determine if irradiation at levels close to or greater than the
I5% can deter biofilm formation over longer time periods, or if surface colonization eventually
reaches a breakthrough point due to the accumulation of colloidal foulants. Future investigation of
any correlations between key environmental parameters, such as temperature or nutrients, and the
model parameters herein may also aid in rational design of UV-equipped devices. Finally, these
findings may indicate that photocatalytic materials can contribute to biofilm prevention. Even
though the biocidal actions of materials such as TiO2 are much weaker compared to the direct
mutagenic effects of UVC (Cho et al., 2004), catalysts can assist in preventing adsorption of
foulants and degrading polymeric substances and UV-attenuating colloids at the surface (Li and
Logan, 2005). A combined UV inactivation and photocatalytic anti-fouling strategy may therefore
act synergistically to delay or prevent biofilm establishment.
Looking forward, the study of biofilm UV intensity response could benefit from alternative
biofilm analysis methods that – in contrast to dye staining and CLSM imaging – provide a
nondestructive and real-time means of quantification. For this work, each intensity response data
point required three 48 h experiments, followed by time-consuming analysis of the biofilm
samples. While this study resulted in generation of one intensity response curve, hypotheses related
to the effect of environmental or irradiation parameters on intensity response would require many
such datasets (e.g. modeling the effect of water nutrient contents on I5% or αλ). Faster and more
indirect means of quantifying biofilm growth would benefit these efforts. Additionally, biofilm
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quantification after a fixed growth period (e.g. 48 h) provides only a snapshot of the growth
behavior. Biofilms are known to follow S-shaped growth kinetics wherein µ0 changes over time to
reflect lag, exponential, and stationary phases (Jopia et al., 2010; Verotta et al., 2017). Future
intensity response studies might benefit from analyzing this kinetic behavior during UV
irradiation, which would require methods for monitoring biofilm growth without the influential
effects of dye staining.
3.5

Conclusion


An experimental method and model that allow quantification of the response of biofilm
growth to UV irradiation were successfully developed.



E. coli biofilm intensity response at 254 nm was lower than anticipated, considering the
planktonic cell dose response and cumulative surfaces doses delivered.



The previously-known shielding effects associated with biofilm materials appear to
impart substantial protection even when biofilm growth is initiated during continuous
irradiation.
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CHAPTER 4:
BIOFILM GROWTH UNDER CONTINUOUS UVC IRRADIATION:
QUANTITATIVE EFFECTS OF GROWTH CONDITIONS AND
GROWTH TIME ON INTENSITY RESPONSE PARAMETERS
Contents of this chapter were submitted to Water Research and at the time of preparing
this manuscript are under review.
4.1

Summary
Biofilms can harbor a wide range of microorganisms, including opportunistic respiratory

pathogens, and thus their establishment on engineered surfaces poses a risk to public health and
industry. The emergence of compact germicidal UV LEDs may enable their incorporation into
confined spaces to inhibit bacterial surface colonization on inaccessible surfaces, such as those in
premise plumbing. Such applications necessitate knowledge of the quantitative response of biofilm
growth rates to UV exposure on continuously irradiated surfaces. Herein, we determined the
dependences of E. coli biofilm UV intensity response parameters on growth conditions, as
monitored via corresponding baseline biofilm growth rates in the same conditions without UV
exposure. Growth temperature was varied in order to manipulate the baseline growth rate. Biofilm
formation under continuous irradiation was observed to intensify when the flow cell temperature
was increased. Increasing the temperature by 10 °C resulted in an increase in biovolume by 193%
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under a UV (254 nm) intensity of ~60 µW/cm2. Evaluation of intensity response model parameters
suggested a shielding effect arising from the deposition of extracellular colloidal materials. When
more favorable growth conditions were used, the intensity responses of irradiated biofilms were
diminished, suggesting a disproportionately greater UV intensity would be required for biofilm
prevention. The shielding effect was found to result in breakthrough behavior of irradiated biofilms
after 48 h, wherein accumulation of shielding substances eventually enabled biofilm establishment
at even relatively high irradiation intensities.
4.2

Introduction
Bacteria are able to form biofilms on virtually any surface on which moisture and nutrients

are available (Hall-Stoodley et al., 2004; Sweet et al., 2011). Biofilms have the potential to host a
diverse range of microorganisms and promote their proliferation and spread. For instance, biofilms
in DWDS act as environmental reservoirs for waterborne opportunistic bacterial pathogens, which
are responsible for an increasing number of life-threatening pulmonary infections in developed
countries (Berry et al., 2006; Falkinham et al., 2015b; Storey et al., 2004). Furthermore, the
prevention of biofilms in engineered systems with inaccessible wetted interior surfaces remains a
challenge with respect to public health and various industries. Examples of such surfaces include
water distribution pipes and premise plumbing components, liquid pipelines and dispensing tubes
used in food processing, dental unit waterlines, and medical devices (Bak et al., 2009; Camargo et
al., 2017; Feazel et al., 2009; Galié et al., 2018; Otter et al., 2015; Sperle et al., 2020; Walker et
al., 2007; Wirthlin et al., 2003). Conventional secondary disinfectants such as free chlorine and
chloramines are not known to fully prevent biofilm formation at relevant concentrations (Chu et
al., 2003; LeChevallier et al., 1987; Tsvetanova, 2019) necessitating the development of scalable
and effective interventions.
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Ultraviolet-C (UVC) radiation, a well-known biocide, has been receiving increasing
consideration for use in biofilm deterrence (Argyraki et al., 2016b; Ben Said et al., 2011; Cates
and Torkzadeh, 2020; Linden et al., 2019; Torkzadeh et al., 2021). Traditionally, its use has been
limited mainly to conventional one-pass UV disinfection reactors, which may act as indirect
measures of biofilm control, reducing the burden of planktonic microorganisms to downstream
surfaces (Lakretz et al., 2011, 2010; Sperle et al., 2020). However, as with the incapability of
municipal-scale disinfection in averting biofilm establishment in DWDS, point-of-entry
disinfection systems are similarly unable to prevent biofilm formation on downstream plumbing
components. Thus, fixtures that incorporate UVC sources and prevent biofilm growth at the pointof-dispensing (and simultaneously acting as a one-pass UV reactor) may offer a more effective
barrier against opportunistic pathogens.
With the advancement of increasingly efficient and compact UVC light-emitting-diodes
(UV-LEDs), the use of UV irradiation as a direct in-situ measure for biofilm deterrence within
confined internal spaces is becoming more feasible. Examples of potential application spaces for
UV-LEDs include showerheads, faucets, HVAC systems, and beverage dispensers.
Hypothetically, the incorporation of LEDs into such confined spaces could inhibit colonization on
high-priority surfaces by continually irradiating and inactivating bacteria as they attach. Due to the
complex geometries of such systems, however, UVC intensities received by different portions of
the internal surfaces may vary significantly due to optical divergence and line-of-sight aspects;
therefore, quantitative knowledge of biofilm growth rate reductions in response to continuous
surface irradiation intensities is indispensable in developing such devices. Unlike UVC
inactivation of planktonic bacteria supported by copious literature, quantitative research on biofilm
growth inhibition by continuous irradiation is in its infancy.
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The first experiments and models used to quantify the UV intensity response of biofilm
growth were reported in our recent publication (Torkzadeh et al., 2021). Therein, we developed an
apparatus and methodology that allowed for biofilm growth under controlled UVC irradiation
intensities and quantification of their growth rates. Furthermore, a biofilm UVC intensity response
model was created for the first time, enabling quantitative prediction of Escherichia coli biofilm
formation rates as a function of surface irradiation intensity (λ = 254 nm). Although biofilm
formation was suppressed under the intensities employed, a minimum nonzero threshold of surface
biovolume was observed even when comparatively high UVC intensities were used. This
minimum threshold was attributed to the deposition of colloidal material and bacterial secretions,
which provided shielding against UVC photons (Torkzadeh et al., 2021). Such shielding likely
enabled biofilm growth and has implications for the long-term efficacy of continuous UVC
irradiation. Theoretically, the shielding effect might become more pronounced as surface fouling
continues over time, leading to the possibility of breakthrough behavior characterized by a drastic
decrease in biofilm UV intensity response.
The previous research and the developed model laid the groundwork for UVC-biofilm
intensity response studies; however, they were restricted to a single microorganism and one set of
biofilm growth conditions and growth time. Environmental conditions such as temperature and
nutrient availability indisputably impact biofilm growth rates, and thus presumably, UVC intensity
response behavior. Nutrient availability has been described as a determining factor for biofilm
thickness, activity, and robustness (Salgar-Chaparro et al., 2020). Similarly, by increasing the
growth temperature from 15 to 35°C, Silhan et al. observed a 100-fold increase in colony-forming
units (Silhan et al., 2006a). As a parameter in our developed model, baseline biofilm growth rate
was defined as the rate of biofilm formation in the dark control experiments (no UV applied during
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growth), and is thus a direct function of environmental conditions such as those mentioned above,
in addition to the organism type. An increase in baseline growth rate quantitatively impacts the
biofilm inhibitory effects of continuous UVC irradiation, as higher UVC intensities are needed to
counterbalance the inherently higher attachment and growth rates. Moreover, despite the negligible
influence of temperature (< 50°C) on the UV resistance of planktonic bacteria (Gayán et al., 2011),
its effect on biofilm establishment on surfaces exposed to UV irradiation on a continual basis is
unknown. Both temperature variations and exposure to UV impact quorum sensing – the chemical
signaling system bacteria use to coordinate biofilm-forming behaviors – which may synergistically
affect biofilm growth (Lee et al., 2008; Van der Berg et al., 2015; Yin et al., 2019).
In this effort, our objectives were to:


Experimentally determine the effect of E. coli baseline biofilm growth rate (controlled via
flow cell temperature) on the UV intensity response of biofilm growth, and how it impacts
the previously developed model.



Evaluate the long-term efficacy of continuous UVC irradiation on biofilm inhibition to
assess the previously discussed shielding effect and possible breakthrough of growth.

4.3

Materials and methods
Experiments were carried out using two timeframes wherein biofilms were grown for either

48 h or 288 h. The shorter period experiments aimed to address the first objective, and the
extended-duration experiments were designed to address the latter.
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4.3.1 Bacteria strains and growth medium
Escherichia coli ATCC® 25922TM and ATCC® 25922GFPTM were used as model biofilmforming bacteria for short and extended-duration experiments, respectively. The growth medium
contents were optimized for high UVC transmittance and described previously, except for
extended experiments wherein 100 µg/mL ampicillin and 60 µg/mL of L-ascorbic acid were added
(Torkzadeh et al., 2021). L-ascorbic acid was added to scavenge UV-induced reactive oxygen
species, which would otherwise damage green fluorescent protein (GFP) and result in loss of
fluorescence (Alnuami et al., 2008).
4.3.2 Flow cell biofilm growth and surface irradiation
Biofilm growth for both 48 h and extended experiments (288 hr) were carried out following
the same procedures and using the same experimental setup discussed in our previous effort
(Torkzadeh et al., 2021); however, the extended-duration experiments were interrupted for biofilm
analysis at fixed time points and resumed subsequently. In order to avoid contamination upstream
of the flow cell, the tubing, nutrient feed solutions, and feed containers were substituted with sterile
ones at a minimum of every 48 h and additionally after each analysis. The authors' recent research
discussed the apparatus and methods development for continuous surface irradiation (Torkzadeh
et al., 2021).
4.3.3 Biofilm analysis and data analysis
Biofilm analysis and quantification were carried out utilizing confocal laser scanning
microscopy (CLSM) in accordance with methods discussed previously with minor modifications
for extended-duration experiments (Torkzadeh et al., 2021). Therein, the rinse solution was
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enriched with 60 µg/mL of L-ascorbic acid to preserve GFP during exposure to the laser beam.
Moreover, the dye staining step was eliminated for extended-period experiments since the use of
GFP-modified bacterial strain enabled CLSM imaging via autofluorescence. The experimental
methods utilizing GFP-modified strain were implemented in our lab at a later stage, when a need
for frequent and nondestructive biofilm analysis throughout the experiments was determined.
Thus, dye staining was used for earlier experiments addressing the first objective, prior to
switching to the GFP-modified strain (which does not require dye staining for analysis) to
complete the second objective. Both methods resulted in similar CLSM images, which were
analyzed in the same manner. Therein, CLSM images were analyzed utilizing the same
computational techniques previously described, wherein specific biovolume (SBV) was used as the
primary quantifiable parameter for biofilm surface coverage. Biofilm SBV was defined as the
volume of fluorescing cells (µm3) per unit area of the test surface (µm2) reported in units of
(µm3/µm2, i.e. µm). Similar methods were employed for data analysis and curve-fitting as used in
our previous research (Torkzadeh et al., 2021).
4.4

Results and discussion

4.4.1 Control of biofilm growth rate using temperature
Figure 4-1A-F show representative CLSM images of E. coli (ATCC25922) biofilms grown
for 48 h in the control and irradiated chambers at 23, 28, and 33 °C. (Biofilms were stained using
SYTO9 fluorescent dye [SYTO9 Green Fluorescent Nucleic Acid Stain, Invitrogen, USA],
which stains nucleic acids of both live [in-tact membrane] and ruptured bacterial cells and emits
green light upon excitation (Stiefel et al., 2015).) As expected and reported previously, higher flow
cell temperatures resulted in higher biofilm growth rates in the control experiments (Diaz
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Villanueva et al., 2011; Silhan et al., 2006b), evidenced by the dense biofilms in Figure 4-1A-C,
and complete averaged data, shown in Figure 4-2. When the flow cell temperature was increased
from 23 to 33°C, resulting biovolume increased by 101% (from 13.5 m at 23 °C to 26.9 m at
33°C). Corresponding images of the irradiated chamber under otherwise identical conditions are
shown in Figure 4-1 D-F, and quantitative data Figure 4-3. Similarly, biofilm growth under UVC
irradiation intensities of 59.5-60 µW/cm2 showed 193% more biovolume when grown at higher
temperature (from 0.74 m at 23 °C to 2.16 m at 33°C); this finding supports the hypothesis that
under constant intensities, higher baseline growth rates (i.e., higher temperatures) result in more
biofilm coverage, despite inhibition from UV.
Thus, from a biofilm prevention perspective, higher UVC intensities are required to
counterbalance the increased baseline growth rates accompanied by more optimal growth
environments. Thus, the induction of faster growth rate under fixed UV intensity caused bacterial
accretion to rise exponentially. Presumably, this was a result of greater protection provided by
bacterial depositions and biofilm growth; as the growth rate outpaced the UVC inactivation rate,
the surviving bacterial cells were able to establish biofilms, which along with the bacterial
exudates, acted as shields against UVC irradiation and protected new bacterial cells, promoting
more biofilm formation.
We note that a portion of the observed SBV on the surfaces might have originated from a
greater degree of bacterial growth in the injection ports upstream from the flow channel; sloughing
of the extraneous biofilms into the growth chamber may therefore have affected the results.
Furthermore, although biofilm growth in the injection ports, which was discussed in our previous
effort (Torkzadeh et al., 2021), occurred at all temperatures in this work, it was elevated at higher
temperatures which may have intensified the release of bacterial cells into the bulk water.
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Figure 4-1. CLSM images of E. coli ATCC25922 biofilms grown for 48 h in the dark
(without irradiation) and under continuous UVC irradiation at intensity 59.5- 60 µW/cm2
and temperatures ranging from 23-33°.
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Nonetheless, the contribution of increased upstream bacterial cell release was found to be
insignificant, as the effect of temperature on downstream biofilm growth in the flow cells at higher
UVC intensities (low biofilm coverage) was negligible. Moreover, in real applications, upstream
biofilms would have similar effects on surfaces in the irradiation zone(s).

Specific biovolume (µm)

30
25
20
15
10
5
0

23

25

28

30

33

T (℃)

Figure 4-2. Specific biovolume of biofilm grown in the dark (without irradiation) at temperatures
ranging from 23 to 33 C. Error bars represent standard deviations of separate experiments carried out in
triplicates.
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Figure 4-3. Specific biovolume of biofilm grown under continuous UVC irradiation with intensities
of 59.5-60 µW/cm2 at temperatures ranging from 23 to 33 C. Error bars represent standard deviations of
separate experiments carried out in triplicate.
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4.4.2 Biofilm intensity response and model parameters
Biofilm CLSM images were analyzed for SBV, with results shown in Figure 4-4. The
inhibitory effect of UVC irradiation was observed at all temperatures. At higher UV intensities (>

Figure 4-4. Biofilm intensity response of E. coli ATCC25922 grown at
temperatures ranging from 23 to 33 °C.

50 µW/cm2), the effect of growth temperature on SBV was more subtle, a result of prohibitively
slow growth rates under higher irradiation intensities. Conversely, the effect of temperature on
biofilm coverage (and thus growth rate) was more prominent at lower irradiation intensities.
In order to determine how the baseline growth rates impacted UV intensity response, we
employed the biofilm-UVC intensity response model that was developed in our previous chapter
(Equation 3-8):
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𝜇0 𝑡
𝑋𝑓 = 𝑋0 𝑒𝑥𝑝 (
) (𝑀𝑜𝑑𝑒𝑙2)
1 + 𝛼𝜆 𝐼

4-8

Where, Xf is the SBV (µm) under UV irradiation with the intensity of I (µW/cm2); X0 is
the residual biovolume (µm); αλ is the biofilm intensity response factor (cm2/µW), and µ0 is the
specific growth rate constant in the absence of UV irradiation (h-1). The model presented in
Equation 3-8 was fitted to the SBV experimental data, with the fits shown in Figure 4-4. The values
of model parameters, including X0, αλ, µ0, and Nagelkerke pseudo-R2 for each temperature were
calculated and are listed in Table 4-1.
data.

Table 4-1. Intensity response model parameters obtained from fitting Equation 1 to SBV

Temperature (°C)
23

25

28

30

33

0.035

0.029

0.014

αλ (cm2/µW)

0.059

0.046

Standard Error

0.02177

0.01235

µ0 ( h-1)

0.085

0.089

0.097

0.101

0.137

X0 (µm)

0.231

0.207

0.191

0.179

0.061

Standard Error

0.1973

0.14609

Pseudo-R2

0.98

0.006648

0.093389

0.99

0.97
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0.006416

0.122047
0.99

0.004981

0.080955
0.99

The data in our previous work, as well as those herein, exhibited biofilm-intensity response
curves that plateaued at higher intensities and never achieved zero biovolume coverage, making
the discernment of “minimum preventative intensity” less meaningful. Thus, the parameter I5,
which was defined as UVC intensity that results in SBV that is 5% of that observed on control
(dark) surfaces grown under the same conditions, was used as the primary metric of biofilm-UVC
intensity response (Torkzadeh et al., 2021).
With respect to the intensity response model (Equation 3-8), I5 may be illustrated as
follows:
𝑋𝑓
𝜇0 𝑡
= 0.05 = 𝑒𝑥𝑝 (
)
𝑋0
1 + 𝛼𝜆 𝐼5

4-1

Figure 4-5A depicts the temperature dependence of baseline specific growth rate constants.
As expected and discussed earlier, the specific growth rate constant without UVC irradiation (µ0)
exponentially increased as temperature rose, shown in Figure 4-5A. Consequently, a higher rate of
UVC inactivation, governed by UVC intensity, was required to offset the increased growth rate
resulting in a similar upward trend for I5 versus µ0 illustrated in Figure 4-5B. The exponential
correlation between µ0 and I5 observed in Figure 4-5C further confirms the shielding effect
discussed earlier, as an increase in µ0 results in a disproportionate upsurge in I5; in other words,
based on Equation 3-8, when other parameters are constant, adjustment of µ0 affects I5 in a linear
fashion, unless another parameter is changing due to a phenomenon other than the competition
between growth and inactivation rate. The observed nonlinearity was likely due to a shielding
effect during biofilm growth.
The most affirmative evidence for a shielding effect is seen in Figure 4-5C, wherein the
biofilm-UVC intensity response factor, αλ, is lower where µ0 is more significant due to the higher
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temperature. αλ is affected by parameters that may impact the actual intensity received by bacterial
cells, such as water transmittance and growth phase. It is also impacted by UV wavelength and
type of microorganism as the response of different microorganisms may vary significantly to UV
irradiation at a particular wavelength. According to Equation 3-8, reduction in αλ diminishes the
effect of UVC intensity magnitude, I, derived from the protection provided by biofilm complex
matrix. Such protection and shielding by biofilm complex assembly provided by extracellular
polymeric substances have been observed in previous research (Argyraki et al., 2016a; Bak et al.,
2009). Having the correlation between µ0 and I5 developed, a predictive biofilm inhibition model
similar to inactivation models for planktonic bacteria appears to be more achievable. The ultimate
predictive model should account for more environmentally relevant growth conditions as different
environmental conditions may impact αλ differently. For instance, herein, temperature served as
the regulator for the baseline growth rate while parameters such as nutrient availability could play
a similar role; however, its impact on αλ may differ from that of temperature, since it may alter the
water transmittance, biofilm, and extracellular polymeric substance yield and composition (Diaz
Villanueva et al., 2011; Myszka and Czaczyk, 2009; Pinel et al., 2021)
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I5=0.2776T2-13.677T+217.26
R2=0.98

Figure 4-5. Temperature dependence of: A) specific growth rate without UVC irradiation (µ0); B)
Intensity required to reduce SBV to 5% of the SBV without irradiation (I5); Effect of changes in µ0
(directly correlated with baseline growth rate) on: C) I5; D) Biofilm intensity response factor (αλ).
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4.5

Long-term trends in biofilm UV intensity response
E. coli (ATCC25922GFP) biofilms were grown at 25 °C and under continuous UVC

irradiation with intensities of 0, 24.75, and 102.3 µW/cm2 throughout 288 h growth periods.
Biofilm CLSM images were taken at 24, 48, 96, 192, 288 h after the start of experiments. Frequent
biofilm analysis throughout the 288 h of growth/irradiation required the use of a non-destructive
method of analysis since phototoxicity of fluorescent dyes used in the previous experiments could
affect growth rates. Therefore, E. coli (ATCC25922GFP), derived from E. coli (ATCC25922), was
chosen due to the stability of GFP fluorophores, negligible photodamage under 488 nm laser
excitation, and ease of expression (Dobrucki et al., 2007; March et al., 2003). Furthermore, since
it was derived from the same strain used in short experiments, its response to 254 nm irradiation
is likely to be similar to the parent strain. The UV intensities used (24.75 and 102.3 µW/cm2) were
selected to be significantly less than and significantly greater than the previously determined value
of I5 for E. coli (ATCC25922) at 25°C (I5 =50.57 µW/cm2), thereby revealing differences between
long-term efficacy and the shorter experiments discussed above.
Figure 4-6 A-C depict CLSM images of biofilms (green fluorescing cells) grown for 24 h
under UVC irradiation intensities of 0, 24.8, and 102.3 µW/cm2, respectively. As expected,
increasing the UVC intensity from 0 (Figure 4-6A) to 102.3 µW/cm2 (Figure 4-6C) leads to a
distinct decline in the density of biofilm coverage. However, after 288 h of growth (Figure 4-6 DF) under the same intensities, there were significant clusters of green fluorescing cells present even
when irradiated at the highest UVC intensity employed in this study.
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Figure 4-6. E. coli GFP biofilm CLSM images after 24 and 288 h of growth at
25°C in the dark (without irradiation) and under intensities of 24.75 102.3
µW/cm2.
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Unlike the results from 24 h of growth, the biovolume at 288 h under irradiation did not
resemble deposited discrete cells but rather larger, isolated patches of biofilm structures. This
observation raises doubt about the long-term efficacy of continuous UVC irradiation as the sole
intervention for complete biofilm prevention. It should again be noted that, due to the biocidal

Figure 4-7. E. coli GFP biofilm SBV grown over 288 h under
continuous UVC irradiation with intensities of 0, 24.75, and 102.3
µW/cm2.

mechanism of UVC, inactivated cells may still have shown green fluorescence in these
experiments and thus the analyses could not distinguish or exclude all inactivated cells. We
speculate that most of the discrete cells observed in Figure 4-6 B-C (24 h) were inactivated, since
they had minimal protection from irradiation, whereas a greater fraction of live cells was likely
present in the biofilm structures observed at 288 h (Figure 4-6 E-F).
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Figure 4-7 shows the associated kinetic data of biofilm SBV grown over the period of 288
h under continuous UVC irradiation. Biofilm growth was significantly inhibited under both UVC
intensities. Over the first 48 h, the rates of colloidal deposition were presumably similar for both
intensities, as the same feed solution and setup were employed. This is consistent with
breakthrough of growth occurring around the same time in both cases. After the breakthrough, the
slope of biofilm growth was substantially higher under lower UVC intensity owing to the bacterial
inactivation being outcompeted by the bacterial growth rate, arising from the synthesis of more
shielding substances. This observation further supports the hypothesis of UVC attenuation by
deposited colloidal material resulting in reduced intensity response. For reference, an intensity of
102.3 µW/cm2 is capable of reducing the viability of planktonic E. coli (ATCC25922), whose UVC
dose-response was previously determined, by 7.5-log in less than 5 minutes (Torkzadeh et al.,
2021). Combined with our data herein, such a value implies a drastic difference in UV response
between planktonic cells in the bulk water and cells which have attached to the surface. In the
context of biofilm prevention, adsorption of bacterial exudates and colloidal material to the glass
attenuates the UV photons and provides the opportunity for the proliferation of bacterial cells
underneath. Moreover, the higher the intensity was, the more slowly the shielding effect
intensified. These data suggest that despite slower biofilm growth under high intensities, biofilms
might inevitably be able to colonize even directly-irradiated surfaces under realistic conditions in
water conduits.
Finally, interpretation of these results within the context of opportunistic pathogen deterrence
warrants certain caveats. Despite possible biofilm establishment even under relatively high UV
intensities, mitigation of biofilm-intercalated pathogens by UV irradiation may still be worthy of
consideration, since biofilms grown on irradiated surfaces may harbor fewer pathogens due to their
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higher UV sensitivity. For instance, planktonic Legionella was reduced by 4-5.2 logs by a dose of
5-6 mJ/cm2 (Cervero-Aragó et al., 2014; Schmid et al., 2017). Moreover, in the same study,
Cervero-Aragó et al., found that Legionella hosted by amoebae underwent 4-log inactivation after
receiving a dose of 8.7-10.8 mJ/cm2. The planktonic form of the E. coli strain used in this study
requires a dose of approximately 14 mJ/cm2 for 4-log inactivation (Torkzadeh et al., 2021). Thus,
the primary goal of mitigating opportunistic pathogens with continuous UV irradiation may still
be achievable, and requires further investigation.
4.6

Conclusions


The inhibitory effect of continuous UVC254 irradiation inversely correlated with baseline
biofilm growth rate (growth rate without UVC irradiation).



Dependence of model parameters, developed in our previous research, on baseline
growth rate was observed.



Extended-duration (288 hr) surface irradiation experiments showed the inefficacy of
continuous surface irradiation as the sole intervention for biofilm prevention.



The diminution of biofilm UV intensity response arising from the deposition of biofilmassociated materials was observed to intensify over time.
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CHAPTER 5 : SUMMARY, OUTLOOK, AND FUTURE WORK

CHAPTER 5:
SUMMARY, OUTLOOK, AND FUTURE WORK

5.1

Summary
In this research, the application of UV radiation against biofilm growing on a surface

continuously exposed to germicidal UV254 irradiation was explored for the first time, which may
assist the diversification of UV applications, currently limited to mitigation of planktonic bacteria.
Although this research was centered on drinking water applications, and particularly deterrence of
biofilms in premise plumbing and associated OBPs, its results may be applied to other sectors
where the biofilm growth presents a challenge.
Herein, we developed a novel apparatus and methodology that allowed for biofilm growth
at controlled temperatures and under controlled UVC irradiation intensities. Moreover, methods
for quantification of grown biofilms were developed. The experimental setup and laboratory
protocols were validated through series of experiments and biofilm was reproducibly grown and
quantified.
E. coli biofilms were grown under accelerated growth conditions over 48 h, under different
UVC intensities. Surface biovolume was reduced by 95% compared to control biofilms (grown in
the dark) by a UV254 intensity of 50.5 µW/cm2. The required intensity for biofilm prevention was
higher than expected, given the planktonic UV dose response of the bacteria employed. Such
intensity reaches more than 7.5-log inactivation in planktonic form of the E. coli strain employed
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in about 10 minutes, while the cumulative doses delivered to the surface over 48 h of irradiation
are orders of magnitude higher. The results indicate that biofilms can become established even
under irradiation conditions that would result in complete inactivation of planktonic cells, likely
due to the shielding effects of colloidal material and microbial exudates. A pseudo-mechanistic
model based on Monod kinetics was developed, which correlated UV intensity to the resultant
reduction in specific surface biovolume.
The dependences of the biofilm-intensity response model parameters on baseline growth
rate (growth rate without irradiation) were determined. Temperature was used as the measure for
controlling the baseline growth rate. Biofilm formation under continuous irradiation at a constant
intensity was observed to build up when the flow cell temperature was increased. Evaluation of
the model parameters confirmed the hypothesized shielding effect arising from the deposition of
extracellular colloidal materials secreted by bacterial cells diminishing the UVC intensity. It was
observed that as the temperature (and thus the growth rate) increases, the intensity response
diminishes attributed to a higher rate of colloidal depositions, which shrank the intensity received
by underlying bacterial cells. The shielding effect was further investigated by conducting
extended-duration (288 hr) experiments. After 48 h, a breakthrough in biovolume was observed,
followed by a steady increase over the next 10 days. After the breakthrough, the slope of biofilm
growth was substantially higher under lower UVC intensities due to the bacterial inactivation rate
better outcompeted by the bacterial growth rate, arising from the synthesis of more shielding
material.
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5.2

Outlook and future research needs
Despite the observed bacterial growth under continuous irradiation, such applications

might still be practical for the control of OBPs as they are more sensitive to UV radiation.
Moreover, the accelerated growth rate empowered by nutrient-rich media is far from the
oligotrophic conditions in DWDS, which amplifies planktonic growth and also the bacterial
growth upstream from the irradiation chamber, and thus, more deposition of colloidal material on
the glass. It is unknown whether the slower bacterial growth in drinking water may deter surface
fouling for years, which could be even longer than the life span of the UV-integrated devices.
Therefore, determining the efficacy of continuous UV irradiation against surface colonization
under more environmentally relevant conditions (i.e., temperature, nutrient availability) may
deserve further research.
Furthermore, the bottom-top UVC irradiation used in this study, discussed in Chapter 3,
may contribute to the long-term inefficacy of such an approach in real applications. In bottom-top
irradiation, UVC beams originate from a source outside of the bulk water targeting the surface of
the biofilm in contact with the quartz cover. In contrast, in the real application the UVC beams
emanate from the bulk water (top-bottom), which may enhance the efficacy of continuous UVC
irradiation. Although the deposition of colloidal material protecting underlying cells could occur
in the top-bottom irradiation, the protection that the deposits could provide for bacterial cells might
be deterred as the bacteria have to move beneath the colloidal deposits. Investigating the topbottom irradiation in real engineered systems (i.e., premise plumbing components) may reveal
higher efficacy of UV irradiation against surface colonization.
The instant on-off characteristic of LEDs enables the intermittent surface irradiation, which
could significantly increase the efficiency of such devices. This feature becomes more significant
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in fixtures with periods of stagnation such as showerheads or those that are not in frequent use.
LEDs are also capable of emitting at a wide range of wavelengths which may better penetrate the
deposited colloidal materials and bacterial exudate ina in activating the shielded bacteria. Research
on employing those features offered by LEDs may facilitate the use of surface irradiation for
mitigating biofilm formation.
The remarkable projected increase in efficiency of UV LEDs may enable the delivery of
higher UV intensities at lower costs, which in addition to the slower bacterial growth rate discussed
earlier in this section, may push the time of surface colonization further back; however, this may
require further research to evaluate the cost/benefit of such approach as it may degrade the targeted
surface more rapidly.
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Experimental Methods

1 Bacterial strains and propagation
Escherichia coli ( ATCC25922 and ATCC25922 GFP) used in short and extended-period
experiments were obtained from ATCC. Initial inoculation was carried out following the manual
provided by ATCC. E. coli 25922 was offered as freeze-dried and the GFP modified was frozen.
Firstly, 50 ml of tryptic soy broth (TSB) was prepared in a 125 mL Erlenmeyer flask and covered
with an aluminum foil and was then autoclave sterilized. 6-7 mL of the autoclaved tryptic soy
broth was used to resuspend the freeze-dried E. coli pallet. The bacterial suspension was then used
for inoculating the autoclaved TSB. The flask was then covered by autoclaved sponge stoppers
and placed in a shaking incubator at 115 rpm and 37 °C for 18 hours. Then the bacterial suspension
was transferred to a sterile 50 ml centrifuge tube and centrifuged at 3000 rcf and 4 °C for 15
minutes. The remaining pellet was washed by resuspension in fresh autoclave-sterilized phosphate
buffer solution (PBS, pH 7.4) and centrifugation at the abovementioned conditions. The washing
was repeated three times and the bacterial suspension was stored in 30% glycerol in -80 degrees
freezer. The same steps was repeated for E. coli 25922GFP with the exception of initial
resuspension in TSB as this strain was delivered frozen. Moreover, in the Erlenmeyer flask was
covered with aluminum foil for incubation of E. coli 25922GFP as GFP is sensitive to UV-Visible
light and the autofluorescence might be damaged.
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For biofilm experiments, fresh bacterial suspension was prepared every two weeks and
stored in fridge. In order to repropagate E. coli from the -80 frozen stocks, an autoclave-sterilized
toothpick was used for inoculating 50 mL of TSB in a 125 mL Erlenmeyer and the same steps as
described above were followed. All the steps were carried out aseptically and the glassware, pipette
tips, solutions, and centrifuge tube were either purchased sterile or were autoclave-sterilized.
Following the aseptic guidelines, 70% ethanol was used as hand rub for sterilizing the gloves.

2 Equipment and supplies
The dual-channel coupon evaluation flow cell with injection ports (manufacturer part
number: FC 275-AL-3x10) used in biofilm growth experiments was purchased from Biosurface
Technologies Corp., Bozeman, Montana. The flowcell was equipped with two glass windows,
which were made of borosilicate that do not transmit UV254. Therefore, clear fused quartz with
custom dimensions (60 mm * 24 mm* 0.2 mm) was obtained from Technical Glass Products,
Painesville, Ohio. A bubble trap also purchased from Biosorface Technologies Corp. was used to
prevent bubbles from entering the flow cell. The bubble trap gaskets and syringe shells may require
periodic replacement. The syringe shell and the gaskets extracted from 5mL syringes obtained
from Cole-Parmer (manufacturer part number: EW-07945-34) were used as replacement parts for
the bubble trap.
The autoclavable Masterflex L/S 16 Platinum-Cured Silicone Precision Pump Tubing, obtained
from Cole-Parmer (manufacturer part number: EW-96410-16), was used in biofilm experiments.
1L narrow neck Erlenmeyer flasks (part number: 89001-316), which were used as feed containers,
and corresponding #9 rubber stoppers (part number: 59586-163 were obtained from VWR. The
tubings were connected to the rubber stopper by 1/4-1/8 inch tubing reducer (part number: 94025103

418) connections purchased from VWR. The temperature was controlled using 1500 W space
heaters connected to a temperature controller (Inkbird ITC-608T), both purchased from Amazon.
The lamps used in the collimated beam apparatus were a 15 W twin tube CFL medium (E26) base
germicidal bulb (CF15UV/MED) obtained from Lighting supply and a 4 W germicidal fluorescent
light bulb (Philips 363713 - G4T5 TUV) purchased from Amazon.

3 Preparation for the experiment
Every component in contact with the growth medium should be autoclaved. The screws on
the flow cell should be loose in order to provide enough space for the expansion of metallic
components and avoid excessive pressure on the glass. The injection ports and the outlets of the
flow cell were covered by aluminum foil. The feed containers (Erlenmeyer, rubber stopper, firm
1/8 inch tubing, and reducer fittings) were assembled and the outlets were covered by aluminum
foil. The firm tubing was installed on the rubber stopper and was placed inside the Erlenmeyer for
pumping the solution. 50 mL of TSB was freshly prepared in a 125 mL Erlenmeyer flask. 100 mL
of 5 x M9 media salts (15 g/L KH2PO4, 2.5 g/L NaCl, 33.9 g/L Na2HPO4, 5 g/L NH4Cl) was added
to 888 ml of distilled deionized water in a 2 L Erlenmeyer flask and was covered by aluminum
foil. 100g/L glucose, 1 M MgSO4, and 1 M CaCl2 stock solutions were prepared. The plastic valves
on the bubble trap were removed and the bubble trap was wrapped in aluminum foil. Tubing and
200 µL, 1 mL, and 5 mL pipette tips were wrapped in aluminum foil. All the items and solutions
mentioned above were autoclaved and then allowed to reach the ambient temperature.
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4 E. coli 25922 experiments
The screws on the flow cell were tightened cautiously to prevent the glass breakage. Then,
TSB was injected into the flow cell through the injection ports using a 5 mL Luer lock tip syringe.
The injection was carried out very slowly and having the flow cell inclined so that the air inside
the chambers was pushed up by the liquid. TSB was allowed to perfuse the internal surfaces of the
flow chamber for an hour. Meanwhile, the autoclaved M9 salts solution was poured into the feed
containers. The rims of the 2 L Erlenmeyer flasks were sterilized by an ethanol burner prior to
transferring the M9 salts solution to the feed container. Next, using the autoclaved pipette 5 mL of
glucose, 1 mL of TSB, 1 mL of MgSO4, and 50 µL of CaCl2 stock solutions were added to the feed
containers. The feed containers were shaken well to allow complete mixing and the dissolution of
any precipitates formed after the addition of CaCl2.
After that the perfusion of TSB was completed, bacterial suspension was injected to the
flow chambers using 5 mL syringes and through the injection ports. In order to keep bubbles out
of the flow cell, a small volume of the bacterial suspension was pushed through the injection port
when the injection port was closed and the flow cell was held upside down. Then, the valve was
opened and about 2mL of bacterial suspension was injected into the flow chambers and was left
for an hour to allow initial surface. Following the initial adherence, the feed containers were
connected to the tubing, tubing were installed on the pump head, and bubble trap was connected
to the tubing. All the tubing prior to the flow cell were connected but not to the flow cell and the
pump was started at a high flow rate of about 10 mL/min. The valves on the bubble trap were open
(shown in Figure A-1) when the pump was started and it was made sure that no bubble remained
in the line. When about 3 mL of water was accumulated in each column of the bubble trap, the
valve on bubble trap columns was closed and any bubble in the tubing that connected the bubble
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trap and the flow cell were removed and then the flow of the pump was reduced to 2 mL/min and
the tubing were connected to the flow cell while the flow cell injection ports were in shutoff mode
to make sure that the air in the injection ports is pushed out by the water.

Figure A-1. Bubble trap installed before the flow cell to prevent bubbles from entering the flow
cell.

At this stage, the lab jack, on which the flow cell was placed, was lowered to its lower
position, the pump flow was reduced to 0.5 mL/min, and the injection ports were opened. The lab
jack remained in this position till the tubing connected to the outlets of the flowcell was filled with
water and no air was remained in those tubing. Then the lab jack was moved up to reach the desired
height. The height was adjusted in a way that the distance between the flow cell window and the
collimating tube was not more than 5 mm. All the experiments were done at a fixed height (the
height of the lab jack was measured and adjusted at a fixed value). The height of the waste
container was adjusted so that the neck of the waste container was at higher level compared to that
of the outlets of the flow cell (shown in Figure A-2). This prevented any bubble from traveling
from the waste tubing to the flow cell. If the neck of the waste container was below the flow cell
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outlets, due to low flow rate and pulsing caused by peristaltic pumps, bubbles could form at the
outlet of the tubing, and owing to its lower density; they could travel all the way back to the flow
cell. Finally, the pump flow was reduced to 0.25 and the flow continued for about 48 h.

Figure A-2. Flow cell configuration when experiment in run.

After 48 hours, 0.85% NaCl solution was prepared for rinsing the flow cell chambers. The tubing
was detached from the feed containers and placed in NaCl solution, and the pump flow rate was
changed to 0.5 mL/min. The time of pumping the NaCl solution was adjusted in a way that the
flow chamber was rinsed for 10 minutes (the time of pumping is more than 10 minutes as the
medium in the tubing prior to flow cell should be replaced by NaCl solution). When the rinsing
was completed, the pump was stopped and staining dyes (SYTO9 and Propidium Iodide) were
injected. 3 mL of the staining dyes were used in each experiment, which was prepared by adding
3 µL of each dye in 3 mL of water. In experiments that did not require dead bacteria staining, only
SYTO9 solutions were used. After the dye injection, the flow cell was covered to allow for staining
to be completed. After 20 minutes, the pump was started again to wash the excessive dyes for
107

another 10 minutes.

5

E. coli 25922GFP experiments
The propagation and experiments of E. coli 25922GFP are the same as those of E. coli

25922 with few modifications. Similar to E. coli 25922, the propagation of E. coli 25922GFP took
place in TSB but in the presence of 100 µg/mL of ampicillin, and the growth took place in the
dark. In E. coli 25922GFP experiments, 100 µg/mL ampicillin and 60 µg/mL of L-ascorbic acid
were added to the feed container and feed containers were covered by an aluminum foil as ascorbic
acid is very unstable under the light. Ampicillin and ascorbic acid solutions were filter-sterilized
as autoclaving could damage those chemicals. Filter sterilization was carried out using sterile
syringes and 0.2 µm sterile syringe filters.

6 UV intensity mesurments
UV intensity measurement was fully discussed in section 3.3.7; however, that method was
developed when biofilm quantification along the chamber was of interest. When the location of
sampling is not important, a simpler method of intensity determination might be employed. In this
method, the circle with a diameter equal to the diameter of the collimating tube is drawn on a
cardboard. Two perpendicular diameters of the circle are drawn on the cardboard, and six points
(excluding the center of the circle) with equal distances on each dimeter is marked (total number
of 13 points). The UV intensity could be measured by moving the radiometer head on these points
and then by averaging the measured values.
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7 Microscopic imaging and image analysis
CLSM images were captured using a Nikon ECLIPSE Ti microscope equipped with a Plan
Fluor 20X/0.75 objective lens. Excitation of SYTO9 and PI was carried out using 488 nm and 561
nm, respectively. FITC and TRITC emission filters were used for emitted light from SYTO9 and
PI, respectively. The obtained images were then analyzed by the COMSTAT plugin of ImageJ.
The stack of images was loaded into ImageJ and simultaneously was opened in NIS-Elements
Viewer. Based on visual observation of connected biofilm, a substack of images was created
(images between the two arrows shown in Figure A-3 comprised the substack). The substack was
created in Image > Stacks > Tools> Make Substack (Figure A-4). In the substack window, the
number of images and desired channels for creating the substack were chosen and the substack
was created.

109

Figure A-3. CLSM biofilm image view in NIS-Elements Viewer. A substack was created using the images
that form the biovolume between the two arrows.
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Figure A-4. Steps for making a substack in ImageJ.

After that the substack was created, it was exported using bioformat exporter (Figure A-5)
to create the format that is compatible with COMSTAT. When exporting was finished the exported
images were loaded into COMSTAT and biomass was calculated. The COMSTAT plugin is
located under plugins dropdown, as seen in Figure A-5. The folder containing the images exported
by the bioformat exporter was added to the observed directory windows shown in Figure A-6, and
the “Go” button was clicked and the calculated data was shown in the log window.
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Figure A-5. Exporting bioformats that are compatible with COMSTAT plugin.
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Figure A-6. COMSTAT plugin.
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8 Cleaning and waste disposal
After each experiment, the flow cell was thoroughly cleaned to avoid any clogging. Firstly,
the flow cell was unscrewed and the top part of the flow cell was removed cautiously. A thin
spatula was used to separate the top part of the flow cell. It was carried out extra-cautiously as the
breakage of the glass windows was very likely. Then the flow chambers were cleaned by spraying
soap solution with a sprayer. The aluminum parts of the flow cell were not scrubbed as it could
damage the flow cell. The glass windows were also cleaned by spraying soap solution and wiping
by Kimwipes. The most critical part was cleaning the holes in the body of the flow cell as they
were so narrow and could be easily clogged. A 30 mL Luer lock tip syringe was filled with the
soap solution and connected to injection ports, and pushed vigorously to push the solution through
the holes with high pressure and clean the holes. In the case of hole clogging, the screws right
above the injection ports were opened and the holes were cleaned using a needle (Figure A-7).

Figure A-7. Flow cell side view. Screws to be opened for cleaning are shown by the red circles.
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All the tubings were washed using soap solution and a 30 mL syringe to high pressure for
removing any possible attached bacterial cells. The waste bacterial suspension was collected in a
biowaste container, then disinfected by addition of bleach, and disposed of in the sink.
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